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Abstract
Introduction: Exercise is well known for its many benefits on the body and most notably
the heart. Recent emphasis, and significant resources, have been dedicated to
elucidating the molecular mechanisms through which exercise exerts its pluripotent
beneficial effects on health and the prevention of disease. A continuous evolution in this
field has sought to modulate and optimize exercise in various ways to maximize the
benefits. In recent years, a growing appreciation for the impact of circadian rhythms has
gained traction and their influence on many essential biological functions have been
integrated into exercise physiology (i.e. - chrono-exercise), as well as other important
areas of research like medicine (‘chrono-pharmacology’) and nutrition (‘chrononutrition’). Recently, several excellent studies have provided evidence in various
peripheral tissues that support a robust effect of time-of-day on exercise-induced
responses at the transcriptional (via RNA-sequencing), metabolic (via metabolomics),
and protein levels (via proteomics). In large part, these studies have focused on the
skeletal muscle, our primary mover during exercise, and have neglected the heart. The
purpose of this dissertation was to address this limitation in the field and explore the
impact of time-of-day on exercise-induced signaling and transcription in the heart.
Methods: We investigated the effects of exercise in the hearts of 12-week-old C57/BL6
male mice (n= 42) at two time points; Zeitgeber time (ZT) 0 (beginning of light phase)
and ZT12 (beginning of dark phase). Mice were habituated to treadmill exercise for 5
days at ~ZT12 (under red light) and allowed to recover for 2 days. Mice performed a
single 60-minute bout of treadmill exercise beginning at ZT0 or ZT12, and were
sacrificed at 3 time points; pre-exercise (SED), immediately post exercise (POST), and
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1-hour post exercise (1HR). Serum was separated and tissues (hearts and quadriceps)
were excised and snap frozen. Clock genes were measured via RT-PCR.
Cardioprotective signaling was assessed via western blotting analysis and Enzyme
Linked Immunosorbent Assay (ELISA). RNA sequencing of hearts was performed for
exploration of pathway enrichment by exercise and time-of-day. Group comparisons
were made using 2x3 ANOVAs. Results: The major findings of this study are a
significant interaction of exercise and time-of-day on p-STAT3 in the heart.
Phosphorylation of STAT3 was increased at ZT0-POST (2.74 ± 0.34), and ZT0-1HR
(1.66 ± 0.09) compared to ZT0-SED (1.00 ± 0.17), as well as compared to exercised
mice at ZT12 (ZT12-POST = 1.25 ± 0.13, and ZT12-1HR = 1.15 ± 0.18) (Figure 6). A
significant interaction between time-of-day and exercise on autophagy was present with
LC3II/I ratios increased at ZT12-POST (4.13 ± 0.32) compared to ZT0-POST (2.56 ±
0.32) (p < 0.001) (Figure 11). Transcriptional results revealed 264 DEGs at ZT0 and 216
at ZT12 with more genes being upregulated by exercise at ZT0 and the reverse (more
genes down regulated by exercise) at ZT12 (186 and 108 respectively) (Figure 16 &
17). Time of day distinctly affected the transcriptional response to an acute bout of
exercise in the heart. Overall, the results from this study highlight novel interactions
between exercise and time-of-day, suggesting temporal coordination of exercise
prescription with favorable cardiac responses that can be used to promote beneficial
cardiovascular phenotypes. Conclusions: This experiment identified time as a critical
mediator of exercise-induced cardiovascular signaling and transcription. Specifically,
phosphorylation of STAT3 at ZT0 while Autophagy signalling at ZT12. While these data
are in the context of a single bout of acute exercise, future studies will build upon these
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findings to test the effects of temporally specific exercise interventions in the context of
cardiovascular disease including ischemia-reperfusion injury as well as cardiac
rehabilitation.
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Preface
The following dissertation is the collective work around the topic of exercise-induced
cardioprotection and the influence of circadian rhythms. The literature review goes in
depth to reveal the significance for the current area of research. The connection of
cardiovascular disease and exercise-induced cardioprotection has a long scientific
history. Likewise, circadian rhythms have been greatly appreciated in the literature for
their importance to biological processes. The interactions of these two variables are of
recent appreciation for their bearing on the future of healthcare. The studies in this
dissertation are the foundation for future explorations into the relationships between
exercise-induced cardioprotection and circadian rhythms. Furthermore, the grant is not
only part of the dissertation requirement but also a progression of the doctoral
candidates’ knowledge of scientific methods by expanding on what is known about
acute exercise-induced preconditioning to investigate chronically induced time-of-day
dependent adaptations to exercise in the context of cardiac rehabilitation.
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Chapter 1
1.0 Introduction
Exercise is well known for its numerous positive effects on the body, making it a
critical factor for maintaining health and preventing disease. Notably, the mechanisms
through which exercise exerts these beneficial effects on the cardiovascular system are
of ongoing interest, given that cardiovascular diseases are continuously among leading
causes of death worldwide. Exercise can be effectively prescribed prophylactically to
induce training adaptations, where the exercise trained cardiac phenotype is resistant to
diseases of the heart (Lee et al., 2012; Zhao et al., 2016). Moreover, acute exercise can
elicit robust protection (cardioprotection) against ischemia-reperfusion (IR-injury) before
morphological changes to the heart can occur (a phenomenon termed ‘exercise
preconditioning’). In fact, as little as just 1-3 sessions of exercise have shown to
substantially reduce IR-injury (Aul Domenech, Macho, Schwarze, & Sanchez, 2002;
Yamashita et al., 1999; Lennon et al., 2004; McGinnis et al., 2015).
Exercise-induced cardioprotection can be studied in 4 specific parts; 1)
Prevention in the risk and incidence of CVD, 2) Modified structure and vasculature that
reduce the damage from an ischemic event, 3) Exercise Preconditioning, the resistance
to IR-injury independent of structural adaptations, and 4) Recovery and maintenance
with cardiac rehabilitation therapy. It is important to know that although the experiments
within this dissertation focus on the acute effects of exercise and pathways associated
with exercise-induced preconditioning, the findings of these experiments have important
implications for the mechanisms of the other three areas of cardioprotection and,
therefore, the following literature review covers all four areas. Tailoring exercise
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stimulus to be maximally efficacious is a dynamic area of research as other factors
seem to influence how the heart responds to an exercise stimulus. One such factor is
the time of day at which exercise is performed, and the endogenous circadian rhythm.
Circadian rhythms are recurring ~24 hour cycles of physiological processes
ranging from behavioral patterns of activity/sleep to metabolic and transcriptional
pathway activation/inhibition at the cellular level. These cycles are driven by a
transcriptional feedback loop known as the circadian clock that resides in essentially
every cell in the body. The clock is composed of a two key transcription factors in the
positive arm called brain and muscle arnt-like 1 (BMAL1) and circadian locomotor
output cycles kaput (CLOCK), which form a transcriptionally active heterodimer to
induce expression of clock-controlled genes (CCG’s). Among these CCG’s are the
negative regulators of the clock, Period (PER1/2/3), Cryptochrome (Cry1/2), and Reverb-a, which feedback to reduce the expression of, or transcriptional activity of,
BMAL1/CLOCK (Seo et al., 2020; Serin & Acar Tek, 2019).
Over the course of a normal 24-hour day, the metabolic and functional needs of
an organism fluctuate dramatically. Within the heart, many essential cellular functions
including signaling, metabolism, contractility, and even ischemic tolerance, are
regulated in a time-of-day-dependent and/or circadian clock-dependent manner (Young,
Razeghi, Cedars, Guthrie, & Taegtmeyer, 2001; Durgan et al, 2005; Durgan et al, 2007;
Durgan et al, 2010; Zhang, Lahens, Ballance, Hughes, & Hogenesch, 2014; Zhang et al,
2015; Wang et al, 2021). Not only are circadian genes vital to cell survival and normal
function, but the function of the circadian clock is also tightly linked to exercise in a bidirectional manner (i.e. - exercise is gated by circadian rhythms, and exercise is a
2

stimulus that affects shifts in circadian rhythms). Stimuli capable of influencing circadian
clock gene expression are called Zeitgebers, which is German for ‘time-givers’ (Tanaka
et al., 2020; Kemler, Wolff, Esser, Hogan, & Hamilton, 2020; Erickson, Esser, Kraus,
Buford, & Redman, 2021).
Some recent studies have explored the time-of-day-dependent and circadian
clock dependent regulation of exercise responses using multi-omics approaches
primarily in skeletal muscle (Sato et al., 2019; Ezagouri et al., 2019; Maier et al., 2022;
Sato et al., 2022). These mechanistic animal studies found that time of day is a critical
factor that influences exercise performance, and it is mediated by activation of
metabolic pathways. These studies are important to help us identify possible
mechanisms of action. So far, most of the mechanistic chrono-exercise studies have
focused on skeletal muscle as a target tissue, which is a reasonable approach, as
skeletal muscle plays an important role in whole body metabolic health and cross talk
with other tissues in the body and is also strongly influenced by exercise.
Importantly, similar translational findings from these mechanistic animal studies
have also been observed in human studies. For example, a recent publication found
that afternoon training was more efficacious for blood glucose control in adult males
with type 2 diabetes than morning exercise (Savikj et al., 2018). Also, circadian
modulation of cardiovascular reactivity to exercise, including heart rate and arterial
blood pressure in healthy adults (Scheer, Frank A J L, Hilton, Mantzoros, & Shea,
2009). The following literature review will detail more of these seminal studies and
highlight where additional attention is needed. Specifically, I will discuss the hypothesis
that optimization of exercise-induced cardioprotection is at least in-part time-of-day
3

dependent. However, it is not currently known how circadian rhythms modulate
exercise-induced responses in the heart.

Many chemical messengers that communicate vital intra-cellular processes for
normal cellular homeostatic functions are regulated in a circadian-dependent manner
(Beesley, Noguchi, & Welsh, 2016; Sato et al., 2019; Seo et al., 2020; RabinovichNikitin, Lieberman, Martino, & Kirshenbaum, 2019) including Interleukin-6 (IL-6). IL-6 is
essential in protecting the heart against ischemia-reperfusion injury in mice and has
shown to be an important mediator of both exercise-induced preconditioning (McGinnis
et al., 2015), as well as ischemic preconditioning (IPC) (Dawn et al., 2004). In the
context of exercise, IL-6 is perhaps the most notable cytokine, and was the prototypical
‘myokine’ (signaling molecule released from skeletal muscle), or even ‘exerkine’
(signaling molecule release during exercise). While numerous factors influence the
production of IL-6 (bioenergetics status, contraction, etc.), previous findings show that
skeletal muscle production and secretion oscillate in a circadian manner over 48 hours,
with a Zenith around 8, 12, 32, and 36 hours and Nadirs at 20 and 24 hours (Perrin et
al., 2015).

The relationship between IL-6 regulation and circadian rhythm is further
supported by the observation that IL-6 gene expression has a circadian oscillation in
skeletal muscle, and disruption of the clock (via genetic manipulation of CLOCK)
abolishes the oscillation (Monje et al., 2017; Perrin et al., 2015). These findings point to
the circadian rhythm as a mechanism underlying IL-6 production. However, it is not yet
known if this relationship affects myocardial signaling.
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Another pathway capable of regulating cardiovascular health and ischemic
tolerance is autophagy, the physiological process in which cells break down damaged
proteins and organelles so that they may be recycled to make new cellular components.
Autophagy, if not kept in balance, can induce cell death pathways, but is more
commonly associated with pro-survival mechanisms and cardiac preconditioning (Chen,
Kang, & Fu, 2018; Gurusamy et al., 2009). These pathways have shown strong
association with circadian regulation. Autophagy has displayed robust circadian rhythms
in mouse liver and skeletal muscle (Ma, Panda, & Lin, 2011; Woldt et al., 2013; Juste et
al., 2021). Recently, cardiac mitochondrial autophagy was shown to be regulated by
circadian clock genes when autophagy was impaired in CLOCK deficient mice after IRinjury (Rabinovich-Nikitin et al., 2021). It was unknown if exercise-induced myocardial
autophagy would be dependent on time-of-day.
The purpose of the current study is to identify how the time-of-day when exercise
is performed affects myocardial signaling and transcription. The information gained from
these experiments will provide valuable information advancing the implementation of
exercise interventions to specific times of day when the heart may be most receptive to
activation of beneficial pathways. In that regard, we hypothesized that exercise would
increase IL-6 signaling (measured by phosphorylation of STAT3) in the mouse heart
during the mouse active phase (ZT12) compared to their rest phase (ZT0). We also
hypothesized that one time-of-day would have a greater effect on exercise-induced
autophagy signaling in the mouse heart. Finally, based on previous circadian multiomics analyses in various tissues of the body (Ezagouri et al., 2019; Sato et al., 2019);
Sato et al., 2022; Wang et al., 2021), we hypothesized that mice myocardial gene
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expression would also be differentially affected by exercise at two times of day, allowing
us to discover distinct biological pathways in the heart enriched by exercise in a time-ofday dependent manner.
These experiments seek to extend the existing knowledge of how exercise leads
to acute cardioprotection by incorporating a crucial mediator, time. The current study
represents a novel progression in discovering the mechanism behind the therapeutic
potential of exercise, and will help in determining how, and when, exercise can be most
effective in activation of those protective mechanisms in the heart. Understanding the
early adaptive responses of the heart to a single exercise bout is vital to uncovering the
best exercise prescription for optimizing health.
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Chapter 2
2.0 Review of the Literature
Cardiovascular disease (CVD) consists of a range of potentially fatal and debilitating
disorders that aﬀect the heart and blood vessels. Some of the most common types are
atherosclerosis, heart failure (HF), coronary artery disease (CAD), peripheral vascular
disease (PVD), and hypertension. Almost half of Americans over 20 years of age have
at least one key risk factor for the development of CVD (Heart.org., 2019). The Center
for Disease Control (CDC) estimates that heart disease is the cause of death of 1 in
every 4 Americans contributing to more than 659,000 deaths in the United States each
year (CDC.gov, 2022).
Many lives are negatively impacted by CVD included by economic burden. In the United
States alone, about $219 billion is spent annually on health care services, medicines,
and lost productivity due to CVD (Fryar, Fakhouri, Carroll, Frenk, & Ogden, 2020).
Millions more are directed to research focused on finding techniques for early detection,
prevention, and therapeutic treatment of CVD. Despite tremendous efforts by many
organizations such as the American heart association (AHA), the CDC, and the World
Health Organization, CVD remains the leading cause of mortality and morbidity in
industrialized countries worldwide (Heinen et al., 2018). Identifying practical measures
to prevent or reduce the incidence of death and disability due to CVD is of great
importance.
CVD often progresses into life-threatening events such as a stroke, heart attack, or
pulmonary embolism. All these events result in ischemia. Ischemia is defined as
7

insufficient blood flow to an organ, limb, or tissue. Deficient blood supply leads to
deprivation of oxygen and nutrients to the affected part of the body. Heart attacks are
usually acute ischemic events and are mainly caused by a blockage that prevents blood
from flowing to the heart (WHO.int, 2021). A coronary blockage is most often the result
of atherosclerotic plaque/thrombosis (type 1 heart attacks) but can also result from
coronary vasospasm and/or endothelial dysfunction (type 2 heart attacks) (Mendis et
al., 2011). Obstruction or occlusion of one or more coronary arteries subjects the
myocardium supplied by that vessel to ischemia. Ischemic injuries occur when blood
supply drops below critical levels for too long and basic cellular mechanisms fail. The
result is damaged and/or dead cells. The extent of damage depends on both the
duration and severity of the ischemia in a dose-dependent manner (Honda, Korge, &
Weiss, 2005).
Heart attacks are one of the most common causes of premature death around the
world. More than 805,000 adults suffer from a heart attack each year in the United
States (CDC.gov, 2022). According to the AHA's Annual report for 2018-19, one person
in the United States dies from a heart attack every 40 seconds. However, many people
are unaware they had a heart attack. An estimated 20% of heart attacks go untreated
nonetheless, impairment to the myocardium results (Heart.org, 2019). Death to an area
of the heart is not necessarily fatal, but often results in heart dysfunction and remodeling
of myocardium. Furthermore, chances of a repeat heart attack are elevated, and the
death rate is six times higher with a recurrent heart attack (WHO.int, 2021).
2.1 Ischemia-Reperfusion Injury

8

The primary clinical intervention for an active/current heart attack is to rapidly restore
blood flow to the affected area. It is necessary to return blood flow to the heart as
quickly as possible for delivery of oxygen and nutrients and to remove potentially
damaging by-products of cellular metabolism (Kalogeris, Baines, Krenz, & Korthuis,
2012). Irreversible damage to the myocardium occurs after about 20 min of ischemia. It
is known that restoring blood flow faster increases the survival rates of viable
cardiomyocytes and that is why the most practical treatment for cardiac ischemia is to
return blood flow as quickly as possible.
The sometimes fatal and often debilitating damage done to the myocardial tissue due to
acute heart attack is classified as cardiac ischemic-reperfusion injury (IRI). Death and
damage of cardiomyocytes are a result of both inadequate blood supply (ischemia) and
subsequent damage induced when blood supply is returned (reperfusion). There is
considerable scientific evidence that timely reperfusion interventions for heart attack
(e.g., thrombolytic infusion, angioplasty) are effective at reducing infarct size and have
shown to attenuate the progression of heart failure (Heusch, 2019). Timely restoration
of blood flow during a heart attack is essential to prevent damage from ischemia, reduce
infarct size and save viable myocardium. Increased infarct size has been identified as a
major predictor of increased risk of cardiac dysfunction, heart failure, and mortality. This
explains why rapid reperfusion remains the mainstay of medical intervention for heart
attacks.
Early reperfusion after the onset of ischemia (within 3-6 hours) has shown to save
viable myocytes. However, when oxygen levels are restored following reperfusion, the
processes of inflammation, phagocytosis, and infarct repair begin promptly afterward.
9

These pro-inflammatory processes can accelerate disruption that can cause secondary
injury to the previously ischemic tissue (Kalogeris, Baines, Krenz, & Korthuis, 2012;
Simonis, Strasser, & Ebner 2012). Contrary to the intentions, the successful treatment
of a heart attack by reperfusion can induce cardiomyocyte damage and death (Hashmi
& Al-Salam, 2015). This phenomenon of secondary injury to the previously ischemic
tissue is known as myocardial reperfusion injury (Hausenloy & Yellon, 2013).
Consequently, additional inflammation and apoptosis activated reperfusion injury can
further increase the size of the initial infarct region (Niccoli, Scalone, Lerman, & Crea,
2016). In fact, it is estimated that up to 50% of the final infarct size is due to reperfusioninduced injury.
The potential to treat I/R injury via restoration of blood flow is therefore limited by the
mechanisms that drive ischemic injury (time). Reperfusion leads to the activation of
many signaling pathways that contribute independently to both apoptotic and necrotic
tissue injury and thus decrease the amount of viable myocardium (Simonis, Strasser, &
Ebner 2012; Wu et al., 2017; Kalogeris, Baines, Krenz, & Korthuis, 2012; Heusch,
2016). Moreover, the signaling of reperfusion-induced injury to the myocardium can
continue for hours to days after blood flow is restored. Therefore, the clinical period for
interventions that target reperfusion injury is much greater than that of ischemic injury.
Many changes occur when the myocardium is revascularized that contribute to
additional myocardial damage including, formation of reactive oxygen species, altered
membrane lipids, calcium overload, activation of leukocytes and proteases. These
changes can initiate cellular death pathways. Necrosis is a cell death pathway that
results from extensive irreversible damage. Whereas apoptosis is organized and
10

programmed cell death that is reversible through activation of pro-survival signaling.
Necrosis and inflammation have been identified as the primary mechanism of
myocardial damage from prolonged ischemia. Apoptosis appears to be the primary cell
death pathway activated by reperfusion, and this is in addition to the necrosis pathways
that are activated by ischemia that are only partially mitigated depending how quickly
blood flow was restored (Konstantinidis, Whelan, & Kitsis, 2012; Hashmi & Al-Salam,
2015).
Permanent occlusion of a coronary artery would result in permanent irreversible cell
death; therefore, it is essential to restore blood flow as quickly as possible. Then, the
challenge remains of how to mitigate the cell death signaling that results from
reperfusion (Konstantinidis, Whelan, & Kitsis, 2012; Chen, Kang, & Fu, 2018). For these
reasons, therapeutic strategies that target myocardial reperfusion injury have immense
potential to improve clinical outcomes in people following acute heart attack with
restored blood flow (Hausenloy & Yellon, 2013; Simonis, Strasser, & Ebner 2012).
2.2 Cardiac Preconditioning
Tissues and organs can be conditioned to resist damage from harmful stimuli such as
ischemia and reperfusion injury. Intrinsic cell-survival pathways are activated after
exposure to stressful stimuli that prepare the cells for a subsequent attack.
Cardioprotective is a term used to describe the measures and interventions that
prevent, attenuate, and/or repair a myocardial injury. More specifically, the title of
cardioprotective is given to all measures and interventions that prevent the damage of
myocardial injury and preserve cardiac function. The term cardiac preconditioning was
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adopted to describe the phenomenon of cardioprotection that persists after the
intervention has dissipated.
Ischemic preconditioning (IPC) refers to the application of small repetitive ischemia to
improve the ability of the heart to cope with larger ischemic insults. It was discovered 35
years ago when Murry et al. exposed dogs to surgical induced heart attack (1986).
Before the experimental infarction took place, the experimenters exposed the dogs to
short duration ischemia (5 minutes) followed by 5 minutes of reperfusion for 4 bouts of
ischemia. The severity of infarct size caused by the long-lasting I/R was reduced in
dogs who were “preconditioned” by brief ischemic events compared to those who were
not (Murry, Jennings, & Reimer, 1986; Reimer, Murry, Yamasawa, Hill, & Jennings,
1986). Over time, IPC has been shown to reduce myocardial IRI, by not only infarct
size, but also arrhythmias, left ventricular dysfunction, and coronary vascular
impairment (Bolli, 2007; Heusch, 2019 & 2020). IPC shows remarkable effectiveness
that pharmacological measures seek to mimic. Since the initial discovery of IPC
hundreds of experimental publications and clinical studies have followed up in attempts
to identify the mechanisms responsible for the effect.
Several mechanisms of IPC have been identified. It was even published in 1993 that
IPC initiates cardioprotection in two phases (early and late). Early phase preconditioning
affords up to an 80-90% reduction in I/R injury when the I/R injury occurs within a few
moments to a couple of hours after the IPC. Late phase preconditioning on the other
hand, only produces a 40-60% reduction in infarct size but lasts from 12 hours poststimulus to several days later. Consequently, IPC is not significantly effective at
reducing infarct size and/or I/R injury if it occurs between 3-24 hours prior to I/R surgery
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(Kuzuya et al., 1993; Bolli, 2007). Ongoing research has uncovered this transient nature
of cardio protection.
Mechanisms of early phase preconditioning are recognized as the rapid modification of
intrinsic proteins that return to normal in a couple of hours, whereas the late phase
effects are caused by the formation of new proteins. The activation of new genes and
synthesis of new proteins necessitates the slower development of the late phase
cardioprotection (Marber, Latchman, Walker, & Yellon, 1993; Kuzuya et al., 1993). More
mechanisms of the late phase have been identified because of the lesser time
constraint in studying them. For example, interleukin-6 (IL-6) signaling through gp-130
results in the activation of the Janus kinase/signal transducers and activators of
transcription (JAK-STAT) have been identified as an essential activator of
cardioprotective genes within the cardiomyocytes (Dawn et al., 2004; Anderson et al.,
2013; Pell et al., 2018). Identifying the mechanisms of IPC has been under investigation
for over 35 years now. It has immense potential for the development of pharmaceutical
treatments since the application of direct IPC before a heart attack in humans is
certainly not feasible.
Applying cycles of brief coronary occlusion and reperfusion before an ischemic attack is
not clinically practical. However, it has become well established that cardioprotection
provided from preconditioning did not require the application of short-duration ischemia
directly to the heart itself. Remote ischemic preconditioning (RIPC) refers to small
repetitive ischemia-induced on another organ or limb that infers protection on the heart.
This phenomenon was first described in 1993 by Przyklenk and others, who
demonstrated that brief ischemia on one side of the heart reduced infarct in the
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untreated portion of the heart (Przyklenk, Bauer, Ovize, Kloner, & Whittaker, 1993).
These researchers exposed dogs to four episodes of short duration I/R similar to the
methods of Murry et al. 1986, except the circumflex branch coronary artery was
occulted for 5 minutes on and 5 minutes off, before the left anterior descending
coronary arteries were occluded for 1 hour followed by 4.5 hours of reperfusion
(Przyklenk, Bauer, Ovize, Kloner, & Whittaker, 1993). The authors noted a similar effect
of infarct reduction in the untreated region of the heart as that of direct IPC.
Further exploration into RIPC found that the I/R injury reducing effects did not have to
come from the heart at all. In fact, short-term repeated bouts of ischemia applied to
limbs and/or other remote organs such as the liver and kidneys before I/R surgery also
show to reduce I/R injury as measured by decrease infarct size, contractile dysfunction,
and negative myocardial remodeling (Przyklenk, Bauer, Ovize, Kloner, & Whittaker,
1993; Kharbanda et al., 2002). The ability of the heart to convert to a cardioprotective
phenotype without a direct stimulus indicates that the cardioprotective message is being
delivered to the heart via extrinsic factors. The mechanisms of RIPC have been
thoroughly investigated (although still incomplete) in animals and humans because of
both its clinical applications and the development of potential therapeutic options for
people who have had a heart attack (Heinen et al., 2018; Basalay et al., 2012).
The myocardial intracellular mechanisms of RIPC have not been fully identified;
however, many shared activators have been discovered between RIPC and late-phase
IPC (Pell et al., 2018; Hildebrandt et al., 2016; Donato et al., 2013; Donato et al., 2016).
The early phase of cardioprotection conferred by RIPC is more complex. Studies have
indicated that the cardioprotective signal of RIPC is reliant (at least in part) on neural
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pathways (Lim, Yellon, & Hausenloy, 2010). This has been confirmed using nerve
resection and stimulation in animal models during hind limb RIPC, including femoral
nerves, vagus nerve, and sciatic nerve (Donato et al., 2013; Donato et al., 2016). These
studies found vagal nerve stimulation decreased infarct size and that sectioning of the
vagus nerve (efferent signal) abolished cardioprotection, whereas sectioning of the
sciatic and femoral nerves (afferent) did not significantly reduce the effects of RIPS.
This supports that cardioprotective signals from remotely ischemic tissue reaches the
heart through the efferent pathway, and the afferent signal may be carried via the
bloodstream to the brain (as cytokines) and then activate the vagal nerve to send signal
to the heart.
To date, evidence of humoral mediation has been tested in vitro, in vivo animals, and in
cross-species studies. They show that these humoral factors can be isolated from the
plasma of one animal and used to confer cardioprotection in another that did not receive
the preconditioning stimulus. Bunte et al., (2019) demonstrated this effect when they
treated rats with four cycles of 5 minutes bilateral hind limb ischemia alternately with 5
minutes of reperfusion. They then took blood samples from the RIPC rats and the blood
plasma was used to infuse isolated rat hearts in vitro for 10 minutes before the hearts
underwent 33 minutes of global ischemia followed by 1 hour of reperfusion. With this
protocol, infarct size was significantly reduced from 64% with control plasma to 34%
with RIPC plasma (Bunte et al., 2019). Other studies found a similar effect when human
plasma dialysates were collected before and after upper limb RIPC and were used to
perfuse rat and mice hearts respectively, protected against I/R injury (Heinen et al.,
2018; Hildebrandt et al., 2016).
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Some evidence supports that cardioprotective messaging is carried through the
bloodstream from the remote organ directly to the heart and bypasses the neural
effectors because many of these humoral factors appear to bind to receptors on the
surface of cardiomyocytes. These surface receptors transduce the signals that activate
cell-survival pathways such as the p38 mitogen-activated protein kinases (MAPK),
glycogen synthase kinase 3 Beta (GSK-3), and IL-6/JAK-STAT-dependent initiation of
cardioprotective genes within the cardiomyocytes that translate the formation of new
proteins that then mediate the protection from myocardial death and injury (Smart et al.,
2006; Wagner, Tillack, Simonis, Strasser, & Weinbrenner, 2010; Li et al., 2014;
Hildebrandt et al, 2016; Heinen et al., 2018; Pell et al., 2018; Billah et al., 2020).
Overall, the transmission of RIPC cardioprotective signaling appears to be multifactorial
and requires humoral, neuronal, and/or systemic mechanisms. In doing exploration of
RIPC mechanisms, a number of stress-inducing stimuli have been shown to condition
the heart to adopt a similar protective phenotype against I/R injury. Examples include
non-lethal doses of oxidative stress, cytokines, heat, hypoxia, hypo, and hypervolemia
but none that do not carry some risks to the person (Marber, Latchman, Walker, &
Yellon, 1993). The heart has an amazing ability to adapt to stressful stimuli when
invoked. One stimulus that has proven cardioprotective with very low risk is physical
exercise.
2.3 Exercise-induced Cardioprotection
The 2010 World Health Organization’s (WHO) ‘Global Recommendations on Physical
Activity for Health’ endorse the use of regular exercise to improve health. Current
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recommendations are for adults to engage in 150 minutes per week of moderateintensity aerobic physical activity, or 75 minutes per week of vigorous-intensity aerobic
physical activity, or an equivalent combination of both; and two or more days per week
of strength training involving major muscle groups. This is because regular exercise is
well known for its numerous health benefits, most notably those beneficial effects
conveyed on the cardiovascular system. Exercising regularly has shown to improve
cardiovascular function. It increases energy production and utilization, improves
myocardial contractility, myocardial vascularity and consequently reduces risk of CVD
including heart attack. However, exercise not only reduces risk of heart attack
occurrences but also reduces the risk of death from a heart attack (Zhao et al., 2016).
Current evidence shows that exercise confers cardioprotective changes in myocardial
tissue similar to IPC and remote IPC as the following section will highlight.
Early studies noted the beneficial effect of exercise training on infarct reduction.
McElroy and others reported in 1978 that rats trained by forced swimming for one hour
a day, 5 days a week, for 5 weeks exhibited 30% reduction in myocardial infarct size
when compared to sedentary controls. It’s of note that the hearts were not re-perfused
in this study, instead, 24 hours after the last training bout, rats were subjected to
myocardial ischemia via left coronary artery occlusion and sacrificed 48 hours later
(McElroy, Gissen, & Fishbein, 1978). These researchers hypothesized that the
reduction in infarct size was likely due to increased vascularization as they also
measured histologic sections of hearts to determine capillary/fiber ratios (C/F) and in
myocardial fiber diameter. They noted that C/F was increased by 30% in trained rats
when compared with sedentary controls (McElroy, Gissen, & Fishbein, 1978). Later
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studies would go on to find that exercise training also decreased evidence of I/R injury
in reperfused hearts as well. However, morphological changes take time and, therefore,
do not explain cardioprotection that is inferred after short bouts of exercise training.
Short-bouts of heat-stress had been identified as a cardioprotective stimulus.
Researchers sought to determine if the effect of increased core temperature as a result
of exercise metabolism explained exercise-induced cardioprotection. Three separate
studies used rats to examine the independent effects of short-term exercise training (1-5
days) and heat stress on myocardial responses. Demirel and others (2001) compared
exercise to heat-stress stimulus alone where experiments by Taylor (1999) and
Hamilton (2001) prevented core temperature elevation during exercise to investigate the
influence on heat shock protein formation in I/R preconditioning. Taylor and colleagues
used an ex vivo global ischemia model while Hamilton (2001) and Demirel (2001) used
in vivo coronary artery occlusion. No differences existed between heat-stressed and
exercise rats (Demirel et al., 2001). Each of these studies found that cardiac function
was improved in exercise trained rat hearts regardless of whether core temperature was
maintained. They concluded separately that exercise-induced cardioprotection against
an I/R insult is not dependent on increases in myocardial heat shock proteins. They
went on to hypothesize that exercise-induced cardioprotection may depend on
increases in myocardial antioxidant defenses (Demirel et al., 2001; Hamilton, 2001;
Taylor, Harris, & Starnes, 1999).
Mitochondrial pathways have been explored for their potential role in exercise-induced
cardioprotection. Lee et al, (2012) exercise-trained rats for 5 days with treadmill running.
After training, hearts were excised and were either perfused for 80 min or exposed to 40
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min of global ischemia followed by 45 min of reperfusion by using an ex vivo isolated
working heart model. After the protocol, cardiac mitochondria were isolated and used to
measure reactive oxygen species emission, and indicators of oxidative stress and
apoptosis. Their results showed that exercise training protected both cardiac
mitochondria from I/R-induced uncoupling and oxidative damage. Exercise training
further resulted in an increase in several mitochondrial antioxidant enzymes (copper–
zinc superoxide dismutase, manganese superoxide dismutase, and glutathione
peroxidase) in the heart that were associated with a decrease in apoptosis signal
proteins (Lee et al., 2012). What is further interesting, is all these studies demonstrate
that just a few bouts of exercise can induce cardioprotection in animals.
Cardioprotection can occur before morphological changes occur to the heart, indicating
that exercise-induced cardioprotection is not due solely to notable physiological
adaptations to chronic exercise (heart rate, blood pressure, LV diameter) but instead,
chemically activated in a fashion analogous to IPC and RIPC. Exercise-induced
cardioprotection even exhibits temporal phases like that of IPC and RIPC. Experiments
by Aul Domenech and others in 2002 illustrated these phases (2002). They
instrumented dogs with a snare on the anterior descending coronary artery and
catheters in the root of the aorta, left ventricular cavity and coronary sinus before a
preconditioning intervention. Dogs were exercised with 5, 5-minute running bouts on a
treadmill either immediately before (early phase) I/R or 24 hours (late phase) before I/R
and compared to sedentary controls. I/R was induced by anterior descending coronary
artery occlusion for 1 hour of ischemia, followed by 4.5 hours of reperfusion. They
reported that exercise itself did not induce myocardial ischemia and the hemodynamics
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during the experiments were not different between groups. Early phase exercise
decreased the infarct size by 78% and late phase exercise decreased infarct size by
46%. These changes reflect what is collectively reviewed as cardioprotection associated
with early and late phase IPC (Bolli, 2007). Furthermore, these effects could not be
explained by changes in myocardial morphology given the acute nature of the
preconditioning stimulus (Aul Domenech, Macho, Schwarze, & Sanchez, 2002).
Cardioprotection also dissipates over time and is completely lost within 9-18 days
following the stoppage of exercise training much like other types of preconditioning
(Lennon et al., 2004).
Humoral factors signal transduction that activates cell-survival pathways in RIPC have
also been identified as mechanisms of exercise preconditioning. As was evidenced
earlier in this review, RIPC has been transferred from human donors to an isolated
animal hearts using dialysates of plasma. An example that exercise confers
cardioprotection through humorally-mediated effectors is a study by Michelsen et al.,
(2012), where dialysates were prepared from blood collected from human participants,
before and within 5 minutes after two separate interventions. On the first visit, the
volunteers performed vigorous exercise (four, 2-minute bouts of high-intensity exercise)
and a week later they underwent RIPC (4 bouts of 5 minutes of upper limb ischemia and
reperfusion). Isolated rabbit hearts were then perfused with the dialysates for 25
minutes prior to 40 minutes of ischemia and 2 hours reperfusion. Results showed that
exercise and RIPC both reduced infarct size from approximately 58% to 30%.
Furthermore, post-ischemic LVEF was improved in both intervention groups compared
with controls. They concluded that high-intensity exercise pre-conditioning elicits
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cardioprotection through a humorally-mediated activation, comparable to RIPC
(Michelsen et al., 2012).
Many of the humoral factors that have been identified as exercise mediators, also
initiate signaling pathways of cardioprotection as those of IPC and RIPC. As we
reviewed earlier, IL-6 plays a critical role in the activation of the JAK/STAT pathway and
mediates late phase ischemic preconditioning in the cardiomyocytes (Dawn et al.,
2004). Previously observed that circulating IL-6 is upregulated after exercise. Circulating
IL-6 is produced locally in skeletal muscles and released into the bloodstream by
contraction (Ostrowski, Rohde, Zacho, Asp, & Pedersen, 1998; Lauritzen et al., 2013).
Exercise-induced IL-6 has been linked to a number of exercise-related systemic
adaptations (Pedersen & Fischer, 2007). McGinnis et al., utilized an IL-6 knockout
mouse model to determine the role of IL-6 in exercise-induced cardioprotection (2015).
They reported that 60 minutes of treadmill exercise per day for 3 days in a row
protected wild type mice hearts (infarct size) but not IL-6 deficient mice. Furthermore,
they found that skeletal muscle produced IL-6 initiated JAK-STAT mediated
cardioprotective genes within the cardiomyocytes. From these findings, they concluded
that exercise-induced IL-6 mediates protective signaling that likely originates from
contracting skeletal muscle (McGinnis et al., 2015).
Cardiac preconditioning signaling similarities were further corroborated in rats. Zhang et
al., trained rats for eight weeks with free loading swimming exercises (3 hours per day
for 5 day per week). Then the animals received surgically induced ischemia for 30
minutes followed by 4 hours of reperfusion. The exercise trained rats had significantly
reduced infarct size compared to sedentary controls. They also measured decreased
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cardiomyocyte apoptosis signaling and improved recovery of cardiac function. More
relevantly, they discovered that inhibition of a PI3 kinase 15 minutes before reperfusion
eliminated all measures of the exercise-induced cardioprotection (Zhang et al., 2007).
This demonstrated that PI3 kinase-dependent and Akt-mediated mechanisms are
necessary for long-term aerobic exercise-induced cardioprotection against reperfusion
injury (Zhang et al., 2007).
Further similarities between direct and remote IPC and exercise-induced
cardioprotection have been reviewed in depth (Powers, Quindry, & Kavazis, 2008;
Quindry & Hamilton, 2013; Thijssen, Redington, George, Hopman, & Jones, 2017;
Chowdhury et al., 2019). Moreover, it seems possible that other mechanisms of
exercise-induced cardioprotection still exist and have yet to be discovered. Uncovering
these mechanisms remains an active area of research. As evidence mounts, it is
becoming clear that protective mediators interact to contribute to exercise-induced
cardioprotection and that many of these are influenced by other intrinsic and extrinsic
factors.
2.4 Circadian influence on Cardioprotection
Over the course of a normal 24-hour day, the needs of an organism fluctuate
dramatically, and this is called diurnal variation. Diurnal variations within a cell are
mediated by a combination of both extrinsic and intrinsic factors. Extrinsic factors such
as light, eating, drinking, and physical activity give cues that stimulate necessary
changes allowing living things to adapt to their needs throughout the day. Even without
the external cues, organisms will exhibit fluctuations in cellular function throughout the
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day. These rhythms in physiology are driven by an intrinsic cell autonomous mechanism
known as the molecular circadian clock. The intrinsic circadian clock is composed of
proteins that produce a transcription-translation feedback loop. Activators and inhibitors
of these loops function automatically to coordinate transcriptional events at the
appropriate times of the day to provide ~24 hour cycles in gene expression. Clockcontrolled genes are modulators of protein expression (Zhang et al., 2015).
These modulators allow an individual cell to perceive the time-of-day with or without
extrinsic influence, thereby enabling preparation for anticipated environmental changes
that gives the advantage of making alterations before the changes in the environment
occur. The circadian clock is highly specific to the unique demands of each tissue in the
body. Furthermore, external variables called zeitgebers, give cues to the clock
mechanism essentially fine-tuning diurnal fluctuations to match an organism's daily
needs and regulate diurnal homeostasis. Circadian clocks have been previously
characterized in both myocardial cells and skeletal muscle cells (Young, 2006; Perrin et
al., 2015). Circadian Rhythms, sometimes referred to as the biological clock, modulate
an array of cellular processes that can be detected by daily oscillations.
The myocardium modifies many essential cellular functions including metabolism and
contractility, in a time-of-day-dependent manner (Young, Razeghi, Cedars, Guthrie, &
Taegtmeyer, 2001; Durgan et al., 2007). Cardiac functional parameters such as heart
rate and blood pressure fluctuate over 24-hour daily periods. They are characterized by
higher numbers in the sleep-to-wake transition and low measures in the wake-to-sleep
time (Young, 2006). Contributors to thrombus formation such as endothelial cell function
and platelet aggregation are also known to exhibit normal diurnal fluctuations (Durgan et
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al., 2005; Rabinovich-Nikitin, Lieberman, Martino, & Kirshenbaum, 2019). Of note, the
onset of many cardiac events, such as heart attack, heart failure, and sudden cardiac
death, also exhibits diurnal variation with higher incidence of events occurring in the
sleep-to-wake transition when the heart appears to already be exhibiting greater stress.
An article published in the New England Journal of medicine first reported on the
frequency of onset of acute myocardial infarction in 1985 (Muller et al., 1985). Muller
and other showed that people experience heart attacks more often in the early morning
hours and then discovered that heart attacks that peak in the morning hours are more
severe on average compared to other times of the day. Epidemiological evidence shows
that this time-of-day trend in heart attack occurrence and severity is still widespread
(Mukamal, Muller, Maclure, Sherwood, & Mittleman, 2000; Suarez-Barrientos et al.,
2011; Reiter, Swingen, Moore, Henry, & Traverse, 2012). The heart can anticipate and
adapt to considerable stress from a wide spectrum of physiologic states throughout the
day (Zhang et al., 2015). Therefore, observation of heart attack timing raises the
question of whether the heart is more susceptible to heart attack in a time-dependent or
by some outside influence.
Controlled laboratory studies have demonstrated the intercellular circadian systems’
influence key markers of cardiac function. These animal models show us that
myocardial tolerance to an I/R even exhibits a time-of-day dependence. One example,
Durgan et al., in 2010, subjected wild-type (WT) mice and circadian clock ablated mice
(CCM) to myocardial I/R for 45 minutes of ischemia at 2 separate times of day; wake-tosleep transition (ZT0) or sleep-to-wake transition (ZT12), followed by reperfusion. They
then collected hearts for analysis at one day after or one month after ischemia (Durgan
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et al., 2010). Triphenyltetrazolium chloride (TTC) staining revealed that WT mice hearts
subjected to ischemia at ZT12 resulted in 3.5-fold increases in infarct size compared to
hearts subjected to ischemia at ZT0 after 1 day of reperfusion. Similarly, after 1 month
of reperfusion, WT mice subjected to ischemic events at ZT12 resulted in significantly
greater infarct size compared to mice subjected to ischemia at ZT0. Furthermore, other
indicators of I/R injury such as increased cardiac fibrosis, adverse myocardial
remodeling, and significantly greater depression of cardiac function were found one
month after ischemia at ZT12.
CCM mice exhibited loss of gene expression associated with circadian oscillations. I/R
injury measured by infarct size one day after ischemia was similar in CCM mice hearts
at both time points and more like WT hearts infarct size at ZT0. The time-of-day
variations in I/R outcomes that were observed in WT hearts were essentially diminished
in CCM hearts. The researchers propose that ablation of the cardiomyocyte circadian
clock resulted in cardioprotection at ZT12. Based on these findings, the researchers
concluded that time-of-day has a profound impact on I/R injury tolerance that is
mediated by the circadian clock within the cardiomyocytes (Durgan et al., 2010).
Poor tolerance of mice myocardium to I/R injury during their sleep-to-wake transition
(evening/nocturnal) is reflective of the increased level of myocardial damage and
dysfunction during heart attack onset in the sleep-to-wake transition (morning/diurnal) in
humans. Timing of various cardiac treatments can also benefit some cardiovascular
outcomes (Rabinovich-Nikitin, Lieberman, Martino, & Kirshenbaum, 2019). The
transition from sleep-to-wake appears to present additional challenges to the
myocardium, increasing the susceptibility of cardiomyocytes to I/R injury (Rabinovich25

Nikitin, Lieberman, Martino, & Kirshenbaum, 2019). Increased severity of I/R injury in
the sleep-to-wake period, indicates that for some reason or another, the myocardium is
less prepared/protected from ischemia and reperfusion injuries during this period.
There are some similarities in intrinsic and extrinsic clock associated pathways and
those of programmed cell death. In fact, recent evidence supports the hypothesis that
cell death pathways associated with both apoptosis and necrosis are controlled by
circadian clock genes (Wang et al., 2021). This is another indicator of the critical role
those circadian rhythms and the molecular clock have in cardiovascular
pathophysiology. Diurnal fluctuations of cell death pathways have yet to be plotted but
these findings demonstrate that a relationship exists. As noted in earlier sections, cell
death is a primary component of I/R injury and considered to be the central underlying
cause of cardiac dysfunction following myocardial infarction (Rabinovich-Nikitin,
Lieberman, Martino, & Kirshenbaum, 2019). Some chemical messengers are also
regulated in a circadian-dependent manner (Sato et al., 2019; Rabinovich-Nikitin,
Lieberman, Martino, & Kirshenbaum, 2019). Additionally, cardioprotective pathways are
intimately entwined with circadian regulators including those found to be responsible for
ischemic and exercise induced preconditioning like that if IL-6 signaling (Sothern et al.,
1995; Agorastos et al., 2014; Nilsonne, Lekander, Åkerstedt, Axelsson, & Ingre, 2016).
Expression and activity by IL-6 in a circadian dependent manner has been explored.
Diurnal fluctuations in basal level of IL-6 in plasma and skeletal muscle in humans and
animals has been reported (Perrin et al., 2015; Nakazato et al. ,2016). This relationship
between IL-6 and circadian rhythm is supported by the observation that disruption of the
clock genes causes loss of IL-6 rhythmicity and vice versa when it was observed that IL26

6 knockout mice exhibit circadian clock dysfunction (Monje et al., 2017; Perrin et al.,
2015). More research is needed before the full impact of circadian regulation on the
expression of genes and signaling pathways that moderate myocardial cell can be
understood.
Time-of-day has recently shown to be a critical factor for the beneficial impact of
exercise on skeletal muscle metabolism and whole-body energy homeostasis (Sato et
al., 2019; Ezagouri et al., 2019). Athletes tend to perform their best when they exercise
or compete in the late afternoon, while exercise in the early morning is poor in
comparison (Drust, Waterhouse, Atkinson, Edwards, & Reilly, 2005; Bessot et al.,
2006). Afternoon exercise is favorable for the majority of athletes; however, circadian
phenotype (chronotype) is an important influencer on time-of-day of peak exercise
performance. Chronotype refers to the physiologic preference for early waking
(morningness) or sleeping in and staying up late (eveningness). Individuals often use
the terms early-bird or night owl when referring to their chronotype.
Chronotype is important to consider when investigating time-of-day effects in humans.
Facer-Childs et al., (2015) found that among 216 adult athletes from 12 different team
sports, the peak time of performance ranged from approximately 2 pm to 9pm, with
differences in performance levels fluctuating up to 14.9% over the course of the day.
This study included a variety of chronotypes with morning-type individuals peaking in
performance in the early afternoon compared to late afternoon in evening-type
individuals (Facer-Childs & Brandstaetter, 2015). These daily fluctuations in exercise
capacity start at the cellular and molecular levels (Ezagouri et al., 2019) and can be
trained via adjustment in external stimuli. Exercise-induced circulating IL-6 is also
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influenced by time-of-day (Derijk, 1997; Kim et al. 2015; Abedelmalek et al. 2013).
Evening exercise enhances the IL-6 plasma concentrations in alignment with optimal
performance.
Limited studies have shown that exercise-induced cardioprotection is also influenced by
circadian rhythms. Zhao and others reported in 2016 that people who exercised in the
evening hours were at a lower risk of acute heart attack than those who performed
sports-related physical activity in the morning although exercise decreased risk
regardless of time when it was performed (Zhao et al., 2016). Lian et al., (2013) found
that people with coronary artery disease who walked 30 minutes per day or more on at
least 5 days per for 12 weeks had improvements in their blood cholesterol profile and
those who walked in the evening had greater improvements in blood lipids and
inflammatory markers than those that walked in the morning (Lian et al., 2013). This
evidence points to the greater protective effect of exercise performed in the evening to
that in the morning. Chronotype was not reported in these studies; thus, the influence of
this confounding variable needs further exploration.
2.5 Summary of Circadian Influence on Exercise Induced Cardiac Benefits
Heart attacks are one of the main causes of mortality and morbidity in adults worldwide.
Timely reperfusion is essential to reduce cell death and dysfunction in the ischemic
myocardium. Consequently, the act of reperfusion can induce secondary tissue injury.
Research shows that brief episodes of I/R to the heart or remote tissues prior to MI can
protect from I/R damage (Murry, Jennings, & Reimer, 1986). Local and remote IPC
have shown to reduce infarct size and incidences of coronary vascular injury. Numerous
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studies performed primarily in animal models have identified a vast number of
associated mechanisms including neuronal and humoral signaling proteins (Przyklenk,
Bauer, Ovize, Kloner, & Whittaker, 1993; Heinen et al., 2018; Basalay et al., 2012).
There has been sustained interest in unraveling the underlying mechanisms of cardiac
preconditioning with the hopes of pharmacologically mimicking its beneficial effects.
Compared to the various alternative stressful stimuli, exercise is one of the most
promising and practically applicable non-invasive strategies to attenuate the myocardial
damage resulting from I/R injury. Accumulating evidence suggests that regular exercise
can improve overall health but can also protect the heart similar to IPC and RIPC.
Furthermore, exercise results in both early and late phase cardioprotection from
subsequent I/R injury. Exercise activates many of the same cardioprotective pathways
that have been identified as mechanisms of action for IPC and RIPC (Miller et al.,
2015).
Time-of-day can have a major impact on the body’s response to a stimulus. Including
the time-of-day at which an ischemic event occurs. We present evidence in this review,
showing that the time of ischemia onset influences the severity of the insult, and this is
controlled by circadian clock. Circadian rhythms control most cellular functions including
cell death pathways. Time-of-day also influences exercise performance that is linked to
fluctuations in cardioprotective signaling. Skeletal muscles and cardiomyocytes have
their own intrinsic clock mechanisms. The impact of fluctuations in time-of-day
dependent skeletal muscle signaling and cardiomyocyte sensitivity are incompletely
understood. Further research is needed to fully uncover the mechanisms of circadian
influence on time-of-day myocardial tolerance to I/R insults.
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Many studies have evaluated the effects of time-of-day on cardiovascular events and
exercise health benefits separately. However, to date, no research has been done to
examine the holistic influence of circadian rhythmicity on exercise cardioprotection. The
discoveries highlighted in this review lead to the hypothesis that time-of-day when
exercise is performed, influences the level of cardioprotective adaptations by altering
mechanisms of signaling, activation, or both. Future discoveries may lead to
appreciation of a window of time that optimizes exercise-induced cardioprotection.
Studies that focus on time-of-day differences in skeletal muscle signaling and
cardiomyocyte receptivity are needed. Physiologists and cardiologists may one day
soon include the optimal time-of-day for improving cardiovascular health when
recommending exercise to their patients.
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Chapter 3
3.0 Methodology
3.1 Animals
All animal experiments were performed in accordance with guidelines of the University
of Nevada Las Vegas, University’s Institutional Animal Care and Use Committee
(IACUC). Male C57BL/6J laboratory mice were group housed in standard cages in a
controlled pathogen-free within an environment-controlled cabinet with atmosphere at
22°C, under a strict 12:12-h light-dark cycle, with ad libitum access to standard rodent
chow and water. Mice were allowed to adjust to any shipments or changes in
environment for at least 1 week prior to any handling or experimentation.
3.2 Protocols
3.2.1 Acute Exercise
Mice approximately 12 weeks of age (n=42, Jackson Laboratories) were randomly
assigned to either Exercise or Sedentary groups at two different times of day in
accordance with lights ON at ZT0 or lights OFF at ZT12. Exercised mice were
habituated to a commercially available motor-driven rodent treadmill (Exer 3/6,
Columbus Instruments, Columbus, OH, USA) for five days at 10 meters per minute
during the active/dark phase (after ZT12) for increasing time intervals of 10-, 15-, 20-,
25-, and 30 min on consecutive days. Sedentary mice were exposed to the treadmill
with the shock grid on, but the belt off, for equal durations to control for handling and
novel environmental stressors. Mice were supervised by a trained lab assistant the
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entire time they were on the treadmill. During habituation training, the treadmill operator
provided manual motivation to mice by placing a gentle hand or a tongue depressor
between the mouse and the end of the treadmill to minimize exposure to the shock grid.
Mice that did not respond to manual encouragement were motivated by a mild electric
shock. Mice that underwent 10 exposures to the shock grid or did not habituate to the
treadmill within 10 minutes were considered noncompliant to exercise and were allowed
48 hours to recover and then moved to the control group. Following a 48-hour washout
period, mice in the exercise groups underwent a single exercise bout (10 meters per
minute and 0% grade) for 60 minutes starting at ZT0 or ZT12. Mice in the ZT12 groups
were handled during the dark phase under red light to minimize circadian influence of
room lighting. Sedentary mice were sacrificed at ZT0 or ZT12 and serve as a time-ofday dependent control (ZT0-SED, ZT12-SED). Exercised mice were sacrificed either
immediately after exercise (ZT0-POST, ZT12-POST), or were returned to their cage for
one hour recovery (ZT0-1HR, ZT12-1HR).
3.2.2 Exogenous Interleukin-6
In a separate protocol, a second group of C57BL/6 mice (n = 50) approximately 8 weeks
of age, were used to analyze time-of-day dependent sensitivity of myocardial tissue to
IL-6. Mice were randomly separated into two groups in which they received one
intraperitoneal injection of 200 ng/kg mIL-6 dissolved in sterile phosphate-buffered
saline (PBS)–0.5%); Peprotech, London, United Kingdom) or volume matched injection
of saline (Vehicle) at either ZT0 or ZT12. Mice were sacrificed 1 hour post injection
(ZT0-1HR, ZT12-1HR) or 2 hours post injection (ZT0-2HR, ZT12-2HR), and hearts were
collected.
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3.3 Tissue sample collection
Mice from both experiments were euthanized under isoflurane anesthesia (3%
vaporized in 100% O2) in an induction chamber until loss of righting reflexes. Mice were
then transferred to a nose cone for sample collection. Once a surgical plane of
anesthesia was reached, as evidenced by absence of paw pinch reflexes and corneal
reflexes, an incision was made along the mid abdominal line, and an incision was made
through the peritoneum. The incision was then extended laterally under the left thoracic
line exposing the liver and the mice were repositioned to clearly expose the inferior
vena cava. Blood was then collected in a syringe from the vena cava, at which point
mice were euthanized via rapid cardiac excision. Hearts were stopped in ice cold 0.9%
Normal Saline, allowing blood to be cleared from the ventricles prior to snap freezing in
liquid nitrogen and stored at −80°C until further analysis. Blood samples were incubated
at room temperature for at least 30 minutes to allow clotting before they were
centrifuged for 15 minutes at 3,000 x g in 4°C (Thermo Scientific, 75002446). Serum
was aspirated from the separated blood sample, aliquoted and stored at −80°C until
subsequent analysis. Skeletal muscle samples (quadriceps, gastrocnemius, and soleus
muscles), liver, and white adipose tissue samples were also surgically removed, flash
frozen, and stored at -80°C for subsequent assay (Note: only data from cardiac and
skeletal muscle will be presented in this dissertation).
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Figure 1. Illustration of the study design

A.) mice divided by time-of-day (ZT0 or ZT12) and exercise groups and were sacrificed
before SED, immediately after (POST) or 1 hour after 60 minutes of treadmill exercise
(1HR). B.) Mice are divided by injections of IL-6 of saline (VEH) and then by time-of-day
(ZT0 or ZT12) sacrifice between 1-2 hours after injections. Group Sizes for each study
arm C.) exercise and time-of-day study group sizes, D.) Exogenous IL-6 study groups
sizes.

3.4 Molecular analysis
3.4.1 Enzyme-linked immunosorbent assays (ELISA)
Serum IL-6 levels were quantified in blood samples collected from mice in the acute
exercise protocol to evaluate the effects of time-of-day on exercise-induced IL-6 levels
using a commercially available mouse IL-6 Quantikine ELISA kit (M6000B, biotechne
R&Dsytems) according to the manufacturer’s instructions. Briefly, a serially diluted
standard curve (supplied in assay kit) from 500 pg/mL to 7.8 pg/mL (which also included
a 0 pg/mL diluent standard) was used to determine sample IL-6 concentration. Serum
samples were thawed, and 50 µL per well of standard or sample was loaded in
duplicate, and incubated for 2 hours at room temperature. After washing, IL-6 conjugate
was added, and incubated for another 2 hours. A substrate solution was added and
incubated for 30 minutes prior to adding a stop solution. The ELISA plate was imaged
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with the absorbance read at 450 nm and 570 nm with a spectrophotometer (Epoch:
BioTec Instruments Inc, Winooski, VT, USA). Absorbance at 570 nm was subtracted to
control for optical interference of the plate. Average coefficient of variability for plate
reads at 450nm and 570 nm were 5.19% to 7.48%. Optical density (OD) values were
calculated for substrate levels and mean concentrations then plotted against the
standard curve.
3.4.2 Western Blotting Prepping and Analysis (WB)
Frozen hearts and skeletal muscle tissue were pulverized with mortar and pestle while
cooled in liquid nitrogen and transferred to 1.5 ml cryotubes for storage at –80°C.
Approximately 20 mg of powdered heart tissue was homogenized in T-PER lysis buffer
(ThermoFisher, #78510) containing protease and phosphatase inhibitors (1:100, HALT
#78445, ThermoFisher), and sonicated to rupture cell membranes. Homogenates were
centrifuged at 12,000 x g for 10 minutes at 4°C, to separate the pellet from the
supernatant (pellets were discarded). Protein concentration of each sample supernatant
was measured by making 1:50 dilutions and loading in duplicate in 96 well plate with
bicinchoninic acid (BCA) protein assay kit (#232255, ThermoFisher) according to
manufacturer instructions, with the absorbance measured at 595 nm. Protein
concentrations were compared to a standard curve of bovine serum albumin, allowing
for dilution and normalization of protein. Dilutions of each sample were normalized for
protein concentration of 1.0 µg/µL in 0.2ml PCR tubes, with 2X Laemmli sample buffer
and β-mercaptoethanol, then heated/denatured at 95°C for 10 min. These samples
were stored at -20°C until loaded into gels for western blotting analysis.
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Proteins were separated on 6%, 10% and 12% polyacrylamide gels (depending on the
molecular weight of the desired target protein) and transferred to methanol-activated
polyvinylidene difluoride (PVDF) membranes overnight. Ponceau stain imaging was
performed to ensure efficient and uniform transfer. Membranes were washed 3 x 5
minutes with Tris Buffered Saline (TBS), 0.05% Tween (TBS-T) and blocked with 5%
NFDM/TBST for one hour at RT with rocking, followed by another 3x5 min TBS-T wash.
Blocked membranes were then incubated in primary antibodies; p-STAT3 Tyr705 (Cell
Signaling, #9145); p-STAT3 Ser727 (Cell Signaling, #9134); STAT3 (Cell Signaling,
#9139); p-mTOR Ser2448 (Cell Signaling, #5536); mTOR (Cell Signaling, #2983); p-4EBP1 (Thr37/46) (Cell Signaling, #2855); 4E-BP1 (Cell Signaling, #9644); p-S6
(Ser240/244) (Cell Signaling, #5364); S6 (Cell Signaling, #2317), LC3A/B (Cell
Signaling, #12741); SQSTM1/p62 Antibody (Cell Signaling, #5114); Alpha-tubulin
(DSHB, #12G10). All antibodies were diluted 1:1,000 in Antibody Diluent (Thermo
Fischer, #003218), except for Alpha-tubulin, which was diluted 1:10,000. Membranes
were incubated in primary antibodies overnight at 4°C with rocking. Membranes were
subsequently washed and incubated in mouse or rabbit secondary antibodies according
to primary host species (Promega, W4021 and W4011) respectively, 1:10,000 in 5%
NFDM for 1 hour at room temperature. Before imaging, blots were washed in TBS-T.
Chemiluminescent exposures were imaged with Immobilon Forte Western HRP
substrate (Millipore, WBLUF0500). Images were obtained with a ChemiDoc Imaging
System (BioRad) and analyzed using publicly available image analysis software,
ImageJ (National Institutes of Health).
3.4.3 RNA Isolation and RT Polymerase Chain Reaction (RT-PCR)
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Approximately 20 mg of powdered heart tissue was used for RNA isolation via
conventional TRIzol phase separation techniques (ThermoFisher Scientific,
#15596018). Tissue samples were manually mixed into 500 uL TRIzol with a sterile
homogenizer, and an equal volume of Ethanol was added with mixing via vortex.
Samples were centrifuged at 12,000 x g for 10 minutes at 4°C, and the aqueous phase
was moved to a sterile tube. RNA was precipitated from the aqueous phase with
Isopropanol, pelleted, washed twice with 75% EtOH, carefully removed after each wash.
Excess EtOH was allowed to evaporate for 15 minutes under a hood. RNA pellets were
reconstituted in 20 uL of DEPC water, and RNA quantity and quality was assessed via
NanoDrop (ThermoFisher, Waltham, MA). Standard RNA quality was presumed with a
260/280 and 260/230 ratio, with both values being ideal at 2.0. Following isolation, 1000
ng of RNA was reverse transcribed into cDNA using iScript cDNA synthesis kits
(BioRad #1708891). cDNA was diluted to 5 ng/uL in DEPC water. Gene expression was
quantified using forward and reverse primers custom designed for CLOCK, BMAL1,
PER2, IL-6Ra, IL-6, and ACTB (serving as a normalizer) using IDTdna PrimerQuest
(Integrated DNA Technologies). RT-PCR was performed on 25 ng cDNA mixed with a
master mix containing SYBR Green (BioRad #1725272) and gene specific primers
(Table 1), and amplification was tracked for 40 cycles in real time via fluorescence on a
BioRad CFX Connect Real-Time PCR Detection System. Gene expression was
calculated using the 2^-∆∆Ct method, and expressed as fold change from ZT0-SED.
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Gene Target
BMAL1
PER2
CLOCK
IL-6
IL-6R
ACTB

Forward Primer
CAC CAA CCC ATA CAC AGA AG
ATG AGT CTG GAG GAC AGA AG
ACT CAG GAC AGA CAG ATA AGA
AGT TGC CTT CTT GGG ACT GA
CTT GGT TCC GAT TTC CTT CT
CTT GGG TAT GGA ATC CTG TG

Reverse Primer
GGT CAC ATC CTA CGA CAA AC
CCT GAG CTG TCC CTT TCT A
TCA CCA CCT GAC CCA TAA
TCC ACG ATT TCC CAG AGA AC
GAA ATT GTC ACT CGC GTA AAC
GCA TAG AGG TCT TTA CGG ATG

Table 1. PCR Primers

3.5 Whole Transcriptome Sequencing (RNAseq)
Isolated RNA samples (same methods as above) were chosen from a subset of 24
mouse hearts chosen at random from each group that were then transferred to the core
lab at the Nevada institute of Personalized Medicine (NIPM) where RNA libraries were
prepared using the illlumina stranded mRNA prep kit according to the manufacturer’s
protocol. All samples were purified and multiplexed using barcoded adapters to a pool.
These pooled libraries were sequenced at NIPM GAA Core using illumina Nextseq 500
sequencing system with an illumina high output kit (150 cycles and 400M reads) (See
Figure 2).
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Figure 2. RNA-seq analysis workflow illustration

3.5.1 RNA Sequencing
The random subset of hearts from the exercise protocol (n= 24) were sequenced for
unbiased global transcriptional regulation and compared between sedentary and
exercised mice at two times of day. Sequences generated for RNA-seq analysis were
processed for the identification of differentially expressed genes (DEGs) and the
interrogation of those DEGs for enrichment of shared functions and pathways within.
Low quality and synthetic adapter sequences were removed using Trimmomatic
(Bolger, Lohse, & Usadel 2014). Next, Illumina read pairs were aligned to the mouse
genome (provided by UNLV NIPM) and transcriptome using the Hisat2 aligner (Kim,
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Paggi, Park, Bennett, & Salzberg, 2019), then gene level counts were summarized
using featureCounts software, thus additional ambiguous counts were eliminated (Liao,
Smyth, & Shi, 2014). Differential expression was tested between key conditions using
the DESeq2 R package (Love, Huber, & Anders, 2014) at a Benjamini-Hochberg false
discovery rate (FDR)-adjusted p-value of padj < 0.05. For this project, only the following
comparisons were considered; ZT0-SED vs ZT0-POST, ZT12-SED vs ZT12-POST, and
ZT0-SED vs ZT12-SED. This allowed identification of gene targets that were
differentially expressed in response to exercise at both times of day, and comparisons
of DEGs that were unique to only a single time of day.

Figure 3. Raw data quality control (QC) workflow figure.

Perform read trimming (Trimmomatic), Alignment of reads to mouse genome (Hisat2),
Counts read (FeatureCounts), Identified DEG’s DESeq2 R.
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3.5.2 Gene Set Enrichment Analysis
The identified DEGs were tested for shared membership in biochemical pathways by
gene set enrichment analysis (GSEA) via Web-Based Gene Set Analysis Toolkit
(WebGestalt) (Liao, Wang, Jaehnig, Shi, & Zhang, 2019). GSEA is a method for
comparison that requires the input of the gene ID (ensemble ID) as well as the
‘log2foldchange value’ (which indicates the direction and magnitude of change between
conditions). In effect, GSEA analysis determines if genes from our samples (i.e. ZT0SED vs ZT0-POST) are enriched in comparison to a gene list associated with specific
molecular pathways (Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway) at
a frequency greater than could be attributed to chance. For this analysis, we included
the Top 10 enriched KEGG pathways, regardless of statistical significance (p > 0.05 and
p < 0.05). Significantly enriched pathways will be designated in the results.
3.6 Statistical analysis
Data are presented as terms of mean ± standard error of the mean (SEM). Two-way
independent analyses of variance (ANOVA) were used to analyze effects of time-of-day
(2 levels; ZT0 vs ZT12) and exercise (3 levels; SED, POST, 1HR) on myocardial protein
levels and expression of genes. Analyses of exogenous doses of IL-6 was analyzed via
2x2 ANOVA (IL-6 vs. Vehicle and ZT0 vs. ZT12). The 1HR and 2HR time points of the
injected mice were combined after initial analysis revealed no differences between the
means. Tukey post hoc analysis were performed when an interaction was detected.
Statistical analyses were performed with IBM SPSS 28 (SPSS Inc. Chicago, IL, USA)
and Microsoft Excel (Microsoft, Seattle, WA), alpha level accepted at 0.05. Simple main
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effects were adjusted with the Bonferroni’s corrections to accept significance at p≤
0.0167.

42

Chapter 4
4.0 Results
4.1 Acute Exercise
4.1.1 RT-PCR
To determine the acute effects of exercise at ZT0 and ZT12, the expression of the
circadian clock genes BMAL1, PER2, and CLOCK were measured via RT-PCR in 32 of
the hearts from the mice in the acute exercise protocol as interim analysis. There was
no significant interaction found between exercise and time-of-day on any of the clock
genes. Exercise did not appear to have a significant effect on the expression of BMAL1
or CLOCK (Main Effect: Exercise; p= 0.69 and p= 0.199, respectively), but there was a
trend for an increase in PER2 (ME: Exercise, F(2,26) = 3.15, p= 0.06, ηp2 = 0.195).
However, we saw a very large time-of-day dependent effect on the expression of
BMAL1 and PER2, independent of exercise, where BMAL1 expression was ~17 fold
higher at ZT0 compared to ZT12, and PER2 expression was ~9 higher at ZT12
compared to ZT0 (Main Effects: Time-of-day; both p< 0.001). Furthermore, a trend
towards an effect for time-of-day was seen in CLOCK expression (p= 0.07), where
CLOCK tended to be higher at ZT0. These data suggest a strong time-of-day
dependent regulation of circadian clock genes, with minimal impact of an acute exercise
session (or the habituation protocol).
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Figure 4. Clock controlled genes expressed in the heart tissue

Exercise did not significantly affect clock gene expression. A.) BMAL1 17 fold increase
at ZT0, B.) PER2 ~9 fold increase at ZT12, C.) CLOCK was not significantly affected by
exercise or time-of-day, # different from ZT12 (p<0.05).

We subsequently wanted to assess the expression of genes related to the IL-6 signaling
pathway in the heart including IL-6 and IL-6 Receptor (IL-6R) on all 42 samples
however, 1 sample was removed as an outlier for IL-6 and 2 samples for IL-6R. While it
is tempting to speculate, based on the small induction of IL-6 following exercise at ZT0,
there was no significant interaction between exercise and time-of-day (F(2,35) = 1.38,
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p= 0.27, ηp2 = 0.073). We also found no significant effect of exercise on myocardial IL-6
expression (ME: Exercise; F(2,35) = 0.63, p= 0.54, ηp2 = 0.035). However, myocardial
IL-6 expression at ZT0 (1.61 ± 0.39) was higher than ZT12 (0.71± 0.09), independent of
exercise (ME: Time-of-day; F(1,35) = 5.77, p= 0.022, ηp2 = 0.142). ANOVA results
showed no significant interaction effect between exercise and time-of-day on myocardial
IL-6R (F(2,34) = 2.28, p= 0.12, ηp2 = 0.118). In addition, no effect of exercise (ME:
Exercise F(2,34) = 2.09, p= 0.14, ηp2 = 0.110) or time-of-day (ME: Time-of-day; F(1,34)
= 0.58, p= 0.81, ηp2 = 0.002) on myocardial IL-6R were found as well.

Figure 5. IL-6 gene expression in the heart.

Exercise did not significantly affect clock gene expression. A.) Intrinsic IL-6 gene
expression is higher at ZT0 independent of exercise, B.) IL-6R found no significant main
effect, # different from ZT12 (p<0.05).

4.2 Western Blotting
4.2.1 IL-6 Signaling
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We sought to determine the impact of exercise at ZT0 and ZT12 on the activation of the
IL-6 signaling pathway (quantified as the phosphorylation of STAT3), which has
previously been associated with protection against myocardial ischemia (McGinnis et
al., 2015; Dawn et al., 2004). Western blot analysis of myocardial tissue revealed a
significant Exercise x Time-of-Day interaction with a large effect size, supported that
exercise at ZT0 strongly induced phosphorylation of STAT3, while an identical exercise
stimulus at ZT12 did not (F(2,36)= 6.601, p= 0.004, ηp2= .268). P-STAT3 (Tyr705) was
increased post exercise (ZT0-POST = 2.74 ± 0.34), and 1-hour post exercise (ZT0-1HR
= 1.66 ± 0.09) compared to sedentary mice at the same time of day (ZT0-SED = 1.00 ±
0.17), as well as compared to exercised mice at ZT12 (ZT12-POST = 1.25 ± 0.13, and
ZT12-1HR = 1.15 ± 0.18, p< 0.001).
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Figure 6. IL-6 signaling in the heart: p-STAT3 (TYR 705)

Western blotting was conducted on myocardial samples. Exercise increased IL-6
signaling in the heart in a time-of-day dependent manner. A.) The ratio of pSTAT3 (TYR
705)/STAT3 was significantly greater after exercise at ZT0, B.) Reference image of
western blots, C.) ratio of pSTAT3/alpha Tubulin, D.) ratio of total STAT3/ alpha Tubulin,
# different from ZT12, $ different from SED (p<0.05).
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We also assessed the phosphorylation of STAT3 at Serine 727 and found no interaction
of Exercise and Time-of-Day (F(2,36) = 0.16, p= 0.85, ηp2 = 0.009). P-STAT3 (Ser727)
was significantly higher in hearts at ZT0 compared to ZT12 (0.996 ± 0.026 and 0.878 ±
0.024 respectively), illustrating a large main effect of time-of-day on p-STAT3 (Ser 727)
(ME: Time-of-day, F(1,36) = 11.24, p= 0.002, ηp2 = 0.238). However, there was no
effect of exercise on p-STAT3 (Ser727) (ME: Exercise, F(2,36) = 0.11, p= 0.89, ηp2 =
0.006). In sum, exercise induces a strong activation of IL-6 signaling, specifically
quantified by p-STAT3 (Tyr705), at ZT0, but not at ZT12.
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Figure 7. IL-6 signaling in the heart: p-STAT3 (SER727)

Western blotting was conducted on myocardial samples. Significant main effect of time
of day on phosphorylation of STAT3 at SER727 but not of exercise. A.) The ratio of pSTAT3/STAT3 significantly higher at ZT0 compared to ZT12, B.) Reference image of
western blots, C.) ratio of p-STAT3/alpha Tubulin, D.) ratio of total STAT3/ alpha
Tubulin, # different from ZT12, $ different from SED (p<0.05).
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4.2.2 mTOR and Autophagy Signaling
We next sought to determine the impact of exercise at ZT0 and ZT12 on
bioenergetically sensitive pathways, including mTOR and autophagy signaling, due to
the importance of protein synthesis and turnover in the heart. We found no significant
interaction between time-of-day and exercise on p-mTOR, (F(2,36) = 0.55, p= 0.58, ηp2
= 0.03). However, we found a significant main effect of time-of-day on p-mTOR in the
heart (F(1,36) = 8.15, p= 0.007, ηp2 = 0.185), where mTOR signaling was higher at ZT0
compared to ZT12 (0.96 ± 0.33 and 0.82 ± 0.03, respectively). There was a significant
effect of exercise on p-mTOR (F(2,36) = 7.91, p= 0.001, ηp2 = 0.305). Post hoc
analyses revealed a transient reduction in mTOR signaling, with p-mTOR being lower
post-exercise compared to both sedentary mice and mice 1 hour after exercise (SED =
0.97 ± 0.03, POST = 0.76 ± 0.05, and 1HR = 0.93 ± 0.51; both p< 0.01).

50

Figure 8. Hypertrophy/anabolic signaling in the heart: p-MTOR

is mediated by exercise in a time-of-day dependent manner. A.) The ratio of pmTOR/mTOR is significant decreased after exercise, B.) Reference image of western
blots, C.) ratio of p-mTOR/alpha Tubulin, D.) ratio of total mTOR/ alpha Tubulin, E.) ratio
of p-mTOR/mTOR is significantly higher at ZT0 compared to ZT12. # different from
ZT12, $ different from SED (p<0.05).
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We further assessed two downstream targets in the mTOR signaling pathway, p-4EBP1
and p-S6. We found a non-significant trend towards an interaction between exercise
and time-of-day on p-4EBP1 (F(2,36) = 2.589, p = 0.089, ηp2 = 0.126 medium ES),
where the changes in p-4EBP1 tended to be larger following exercise at ZT12. There
was a significant main effect of time-of-day on p-4EBP1, where higher levels were seen
at ZT0 compared to ZT12 (F(1,36) = 14.33, p< 0.001, ηp2 = 0.285, large ES). There was
also a significant main effect of exercise on p-4EBP1 (F(2,36) = 10.323, p< 0.001, ηp2 =
0.364), which, similar to mTOR, revealed an acute post-exercise reduction in p-4EBP1,
which returned to basal levels by 1-hour post-exercise (SED = 0.97± 0.3, POST = 0.71
± 0.07, 1HR = 0.91± 0.04, all p < 0.01) (see figure 9). There was also no significant
interaction observed between exercise and time-of-day for p-S6 (F(2,36) = 0.29, p=
0.75, ηp2 = 0.016). A similar pattern was seen in p-S6, where we found a significant
main effect of exercise such that p-S6 was decreased by exercise (F(2,36) = 27.89, p <
0.001, ηp2 = 0.608, large ES). Post hoc analyses revealed a significant reduction in S6
signaling immediately after exercise compared to sedentary mice and 1 hour after
exercise (SED = 0.87 ± 0.07, POST = 0.23 ± 0.08, and 1HR = 0.97 ± 0.09, all p < 0.01).
We found a strong trend towards a main effect of time-of-day (F(1,36) = 3.91, p = 0.06,
ηp2 = 0.098, small ES), where p-S6 tended to be lower at ZT12. However, this did not
reach statistical significance. These results suggest a consistent blunting of the mTOR
signaling pathway by exercise, with moderate impact of time-of-day (see Figure 10).

52

Figure 9. Hypertrophy/anabolic signaling in the heart: p-4EB-P1

Hypertrophic signaling in the heart is mediated by exercise in a time-of-day dependent
manner. A.) The ratio of p-4EB-P1/4EB-P1 is significant decreased after exercise, B.)
Reference image of western blots, C.) ratio of p-4EB-P1 /alpha Tubulin, D.) ratio of total
4EB-P1/ alpha Tubulin, E.) ratio of p-4EB-P1/4EB-P1 is significantly higher at ZT0
compared to ZT12. # different from ZT12, $ different from SED (p<0.05).
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Figure 10. Hypertrophy/anabolic signaling in the heart: p-S6

Hypertrophic signaling is mediated by exercise in a time-of-day dependent manner. A.)
The ratio of p-S6/S6 is significant decreased after exercise, B.) Reference image of
western blots, C.) ratio of p-S6 /alpha Tubulin, D.) ratio of total S6/ alpha Tubulin, E.)
ratio of p-S6/S6 is significantly higher at ZT0 compared to ZT12. # different from ZT12,
$ different from SED (p<0.05).

As an index of autophagy signaling, we assessed the levels of LC3II/I as well as p62.
LC3-I gets lipidated into LC3-II in the process of autophagic vacuole formation. An
increase in LC3II/I ratio indicates increased autophagosome formation. p62 is a tag that
designates proteins for degradation in the autophagosome and gets degraded during
autophagy. As such, a decrease in p62 reflects an increase in autophagy. A significant
interaction between time-of-day and exercise on autophagy was present (F(2,36) =
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6.06, p = 0.005, ηp2 = 0.252). Main effects showed that autophagy was significantly
upregulated immediately after exercise (POST = 3.35 ± 0.67) compared to baseline
(SED = 1.13 ± 0.17), and returned to basal levels by one hour after recovery (1HR =
1.05 ± 0.17)(all p < 0.01). Post hoc analysis revealed that LC3II/I was significantly
increased following exercise at ZT12 compared to ZT0 (ZT0-POST = 2.56 ± 0.32 vs
ZT12-POST = 4.13 ± 0.32 p < 0.001).

Figure 11. Autophagy signaling in the heart: LC3 II/I

Autophagy in the heart is mediated by exercise in a time-of-day dependent manner. A.)
The ratio of LC3 II/I is significantly increased after exercise, B.) ratio of LC3 II/I is
significantly higher at ZT12 compared to ZT0, C.) ratio of LC3 II /alpha Tubulin, D.)
Reference image of western blots. # different from ZT12, $ different from SED (p<0.05).

Analysis of p62 found no interaction of exercise and time-of-day on p62 (F(2,36) = 1.26,
p = 0.30, ηp2 = 0.065). A significant main effect of exercise on p62 (F(2,36) = 3.37, p =
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0.046, ηp2 = 0.158), however, no significant differences were detected via post hoc
comparisons. We did not find an effect of time-of-day (F(1,36) = 1.78, p = 0.19, ηp2 =
0.047). Cumulatively, these results support that autophagy in the heart is activated by
exercise in a time-of-day dependent manner and is accentuated at ZT12 compared to
ZT0.

Figure 12. Autophagy signaling in the heart: p62

Autophagy in the heart is mediated by exercise in a time-of-day dependent manner. A.)
The ratio of p62/alpha Tubulin is significantly increased after exercise, B.) ratio of
p62/alpha Tubulin is significantly higher at ZT12 compared to ZT0, C.) Reference image
of western blots. # different from ZT12, $ different from SED (p<0.05).

4.3 Serum IL-6 (ELISA)
Serum samples collected from mice in the exercise protocol (n = 32) were analyzed for
levels of circulating IL-6 via ELISA. Two samples were eliminated from the analysis after
the plate read as outliers (determined by mean + 2*STD) leaving 30 serum samples for
statistical analysis. ANOVA results found no significant interaction between exercise
and time-of-day on serum IL-6 levels (F(2,24) = 1.37, p = 0.28, ηp2 = 0.102). Results
found no significant main effect of exercise on serum IL-6 levels (F(2,24) = 0.93, p =
0.41, ηp2 = 0.072). However, we did find a significant main effect of time-of-day (F(1,24)
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= 14.89, p< 0.001, ηp2 = 0.383), such that serum IL-6 levels were significantly higher at
ZT12 compared to ZT0 (6.75 ± 0.57, 3.19 ± 0.73, respectively, p= 0.006).

Figure 13. Circulating IL-6 levels

Serum IL-6 levels were affected by time-of-day but not by low intensity treadmill
exercise. Serum IL-6 levels measured by ELISA were significantly higher at ZT12
compared to ZT0. # different from ZT12 (p<0.05).

4.4 Exogenous IL-6 Sensitivity
To determine if the time-of-day dependent differences in exercise-induced IL-6 signaling
were dependent on the sensitivity of the heart to IL-6, we treated mice with an
intraperitoneal dose of exogenous murine IL-6 (or saline) at ZT0 and ZT12. Hearts from
these mice were assessed for p-STAT3 (Tyr705) via western blotting 1-hour (1HR) or 2hours (2HR) after treatment to mimic the time points from the acute exercise study. We
found no significant effect of IL-6 on p-STAT3 (Tyr705) in the heart tissue between 1HR
and 2HR timepoints; thus, we collapsed both timepoints into a single ‘IL-6 treated group’
at both times of day. A significant interaction with a medium effect size was found
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between time-of-day and injection on p-STAT3 (F(1,46) = 5.43, p= 0.024, ηp2 = 0.106).
We discovered that baseline levels of p-STAT3 were significantly lower between ZT0
and ZT12 evidenced by pairwise comparison of our control mice (injected with vehicle)
(1.09 ± 0.15 and 0.67 ± 0.07 respectively, p= 0.019). Injections of IL-6 did not
significantly increase p-STAT3 at either time point, however, we note a modest effect of
IL-6 at ZT12 (ZT12-Veh = 0.67 ± 0.07 vs ZT12-IL-6 = 0.86 ± 0.13, p= 0.07).

Figure 14. Exogenous IL-6 signaling in the heart.

Western blotting was conducted on myocardial samples. Low dose injections of IL-6m
did increase Phosphorylation of STAT3 (TYR705). A.) The ratio of pSTAT3/STAT3 was
significantly lower at ZT12 in Vehicle mice, B.) Reference image of western blots, #
different from ZT12, (p<0.05).

4.5 Exercise-induced Autophagy in Skeletal Muscle
We also assessed the impact of exercise on autophagy signaling in skeletal muscle as
a comparison with what we found in cardiac tissue. As such, we performed western
blotting on quadriceps muscle harvested from the same mice. Unlike what was found in
the heart, there was no significant interaction between exercise and time-of-day on

58

skeletal muscle autophagy measured by the ratio of LC3II/I (F(2,36) = 3.128, p = 0.76,
ηp2 = 0.016). There was also no significant effect of time-of-day on autophagy in the
quadriceps (F(1,36) = 3.07, p = 0.09, ηp2 = 0.079), although a trend suggests that
autophagy may be higher at ZT12 compared to ZT0. We did find a significant main
effect of exercise on autophagy signaling with a large effect size (F(2,36) = 77.73, p =
0.003, ηp2 = 0.281). Post hoc analysis found LC3II/I levels were increased immediately
following exercise (POST = 6.14 ± 0.90) and one hour after exercise (1HR = 5.08 ±
0.90) compared to sedentary mice (SED = 1.62 ± 0.89; p= 0.002 and p= 0.016,
respectively).
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Figure 15. Autophagy signaling in the skeletal muscle

is mediated by exercise independent of time of day. A.) The ratio of LC3 II/I is
significantly increased after exercise, B.) Reference image of western blots C.) ratio of
LC3 II/I is significantly higher at both at ZT0 and ZT12, D.) ratio of LC3 II /alpha Tubulin,
$ different from SED (p<0.05).

4.6 RNA-Sequencing
To gain an unbiased perspective of total gene expression regulation following exercise
at ZT0 and ZT12, we performed RNA sequencing on a subset of hearts from this study
(n = 5-6 per group). After quantifying total differentially expressed genes (DEG’s),
including upregulated and downregulated genes, we elected to remove the data from
the 1HR time point. Based on a very select group of biological replicates that appear to
be outliers from the experimental groups (based on PCA analysis), inclusion of the 1HR
samples led to an unlikely number of DEGs, which likely confound our ability to detect
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meaningful changes. As such, we proceed with the analysis of Exercised (POST) and
Sedentary mice at ZT0 and ZT12.
Pairwise comparison revealed a total of 264 DEGs in response to exercise at ZT0 (ZT0SED vs ZT0-POST), consisting of 78 downregulated genes and 186 upregulated genes
(Figure 16). Additionally, we identified 216 DEGs in response to exercise at ZT12
(ZT12-SED vs ZT12-POST), with 108 downregulated genes, and 108 upregulated
genes. We subsequently compared upregulated and downregulated genes between
ZT0 and ZT12 to identify commonly differentially expressed genes (i.e. - genes up or
downregulated by exercise at ZT0 and ZT12), or uniquely differentially expressed genes
(i.e. - genes up or downregulated by exercise only at a specific ZT). These comparisons
revealed significant time-of-day dependent transcriptional regulation in the heart, with
199 DEGs being unique to ZT0 (58 downregulated and 141 upregulated), and 151
DEGs unique to ZT12 (88 downregulated and 62 upregulated).
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Figure 16. Differentially expressed genes

Quantified by exercise and time-of-day: Venn diagrams depicting the number of unique
and overlapping genes between the two groups A.) All DEGs, B.) Upregulated DEGs,
C.) downregulated DEGs.

4.7 Pathway Enrichment
DEGs were imported to WEB-based Gene SeT AnaLysis Toolkit (WebGestalt)( Liao,
Wang, Jaehnig, Shi, & Zhang, 2019) to determine enrichment of pathways in response
to exercise at ZT0 or ZT12. Comparison of DEGs from sedentary and exercised hearts
at ZT0 and ZT12 revealed both common and unique pathway enrichment, dependent
on the time of day. While the majority of DEGs were unique to a single time-of-day
(numerically), there were more commonly enriched pathways between the two ZT’s
(see Figure 17). We found that a total of 21 pathways were enriched to some extent by
exercise by at least one time of day, with 6 pathways reaching significance (p< 0.05).
Four of these pathways were upregulated, three of which were in a time-of-day
dependent manner. Specifically, MAPK Signaling Pathway was significantly upregulated
by exercise at both ZT0 and ZT12, while Longevity Regulating Pathway and Estrogen
Signaling Pathway were only upregulated at ZT0, and Protein Processing in
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Endoplasmic Reticulum was only upregulated at ZT12. An additional four pathways
were similarly upregulated at both ZT’s but did not reach significance (Antigen
Processing and Presentation, Endocytosis, Influenza A, and Toxoplasmosis, all p >
0.05). Interestingly, PI3K-Akt Signaling Pathway was only upregulated following
exercise at ZT12 (although p > 0.05).
We were also able to identify 8 pathways that were downregulated in our samples, with
two pathways reaching significance in at least one ZT. Specifically, we found that the
Cytokine-Cytokine Receptor Interaction Pathway was similarly and significantly
downregulated at both ZT’s (p < 0.05), while Chemokine Signaling Pathway was only
significantly downregulated following exercise at ZT0. Interestingly, Metabolic Pathways
was uniquely downregulated by exercise at ZT12, though it did not reach statistical
significance. In sum, these analyses suggest that there are numerous unique DEG’s
and Pathways that are both induced and repressed in response to exercise in a time-ofday dependent manner.
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Figure 17. KEGG pathway enrichment

analysis for exercise-induced genes for the ZT0 or ZT12 groups. The enrichment score
(-log10 p value) is depicted in dark blue to orange scale. Bar graph representation of the
number of genes that were significantly affected by exercise and time-of-day.
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Chapter 5
5.0 Discussion
5.1 Circadian clock genes

In the current experiments, we examined the time-of-day dependent variance in
exercise-induced signaling and gene expression in the heart. First, validation that the
circadian clocks were not disrupted by habituation or exercise intervention in mice
hearts was necessary. Our data show robust antiphase expression in clock genes
(BMAL1 and PER2) at ZT0 and ZT12, in sedentary and acutely exercised mice,
indicating exercise did not drastically impact circadian clock gene expression. This
indicates that animal handling did not interfere with the animals’ circadian rhythms.
While several studies have demonstrated that exercise functions as a Zeitgeber capable
of shifting the circadian clock, we believe that the duration and/or intensity of our
habituation to treadmill exercise (which was performed at approximately the same
period during the dark phase), and acute exercise session was likely below a threshold
to induce shifting. Furthermore, it would be necessary to collect a time-course of tissues
(or other longitudinal assays) following the exercise session to fully determine if a shift
was seen. Previous studies comparing forced and voluntary exercise in PER2::LUC
mice (which can be assayed in vivo for PER2 rhythmicity) have shown that forced
exercise has a stronger phase-shifting effect (Sasaki et al., 2016; Wolff & Esser, 2012).
However, only the kidney, liver, skeletal muscles, lungs, and submandibular gland have
been reported, and the effects in the heart were not investigated. Additionally, chronic
exercise training at a specific times of day is capable of inducing shifts in clock gene
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expression in a variety of peripheral tissues, as well as cardiovascular parameters (HR)
(Schroeder et al., 2012; Maier et al., 2022). As our study only included acute exercise
(not exercise training), we did not expect to see a similar effect. Interestingly, physical
and psychological stress (both which could be associated with treadmill running in our
study) can also impact PER2 rhythms in the peripheral tissues (Tahara et al, 2015). In
our design, we controlled for handling stress by exposing sedentary mice to the
treadmill during habituation, which likely mitigated this issue.

Acute exercise in our study had minimal impact on the expression of circadian clock
genes in the heart. We saw only a trend towards an increase in PER2 following
exercise, without no notable effects on BMAL1, or CLOCK. This agrees with Murphy et
al., which showed only moderate impact on clock gene expression patterns in horse
skeletal muscle (Murphy et al., 2014). In a human study comparing the effects of a
single bout of exercise at 7:00 am or 4:00 pm on human leukocyte clock gene
expression, Tanaka and others found that BMAL1 expression levels increased after
both exercise bouts. However, their measurement of the negative feedback arm of clock
regulation (Cry1) increased only after morning exercise (Tanaka et al., 2020).
Accounting for opposing circadian cycles between diurnal humans and nocturnal mice,
morning exercise in humans would be similar to ZT12 exercise in our study (the
beginning of the active period). A study in mice found that 4 weeks of exercise training
shifted clock gene expression (PER2) in peripheral tissues but not in the central clock
found within the suprachiasmatic nucleus (SCN) of the brain. These findings indicate a
specific temporal effect of exercise on the molecular clock in peripheral tissues that
varies among tissues in the body (Wolff & Esser, 2012). Additionally, some studies in
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skeletal muscle have found that exercise induces the expression of several clock genes
including BMAL1 and PER2 (Zambon, 2008; Ezagouri et al., 2019). Importantly, there is
a paucity of data regarding the effects of acute exercise on clock gene expression in the
heart. It stands to reason that the effects of exercise in the heart may be limited
compared to skeletal muscle due to the constant demand of myocardial contraction (i.e.
the heart does not get to reduce function to the same extent as skeletal muscle when
not exercising).

5.2 IL-6 mediated STAT3 signaling IL-6/IL-6R
5.2.1 IL-6 mRNA and protein levels

To determine if the time of day of exercise impacted pathways previously associated
with cardioprotection (i.e. - STAT3 signaling), we measured gene and protein
expression of IL-6 signaling pathway components, as well as activation of STAT3. We
found a surprisingly small effect of exercise (independent of time of day) on IL-6 at the
gene expression level in the heart (via RT-PCR) as well as at the protein level in the
blood (via ELISA). Exercise is generally well known to increase IL-6 gene expression in
skeletal muscle, which is then released into circulation (Helge et al., 2011; Lauritzen et
al., 2013), although several different cell types are capable of producing and releasing
IL-6. In the current study, we did not quantify skeletal muscle IL-6 expression, which
could still be the primary source of IL-6 in our mice. Previous research has shown the
IL-6 gene expression is increased to a greater extent in skeletal muscle compared to
cardiac muscle following a similar exercise stimulus (McGinnis et al., 2015).
Furthermore, this minimal response in the current study could be due to the relatively
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low dose of exercise implemented (10 m/min for 60 min). Previous studies showing
large increases in circulating IL-6 levels have typically used a single bout of exercise
ranging between 60 to 120 minutes. Some use swimming as an alternative to a
treadmill (Hojman et al., 2019). A recent study looking at acute exercise-induced IL-6 on
whole body metabolism prescribed a single bout of running at 14 m/min with a 10degree incline for 120 min and saw a robust effect on circulating IL-6 (Knudsen et al.,
2017). This exercise intensity is substantially higher than that prescribed in the current
study. In the present study, we found that a single low intensity exercise bout in
untrained mice did not significantly induce circulating IL-6.

While exercise did not have a significant effect on circulating IL-6, time-of-day did such
that mice at ZT12 had significantly higher levels of serum IL-6 compared to mice at ZT0.
Previous studies have found that basal levels IL-6 levels fluctuate in a circadian manner
in humans (Sothern et al., 1995; Agorastos et al., 2014), though conflicting results exist.
Some studies report biphasic oscillations (Agorastos et al., 2014), others with a trough
in the midday (Sothern et al., 1995) and even another that reported no rhythm at all
(Derijik et al., 1997) which may be more evidence of a biphasic oscillation. Cell culture
results have shown that IL-6 production and secretion is directly regulated by the
circadian clock in myocytes in vitro (Perrin et al., 2015). Since skeletal muscle is thought
to be the predominant source of IL-6 production during exercise, we hypothesized that
we would see a strong exercise x time-of-day interaction, which was not present in our
study.
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Exercise-induced muscle derived IL-6 has been an area of much interest for some time
and well-reviewed (Ostrowski, Rohde, Zacho, Asp, & Pedersen, 1998; Steensberg,
Vissing, & Pedersen, 2001; Pedersen & Fischer, 2007; Pinckard, Baskin, & Stanford,
2019; Pedersen, 2017). The effects of circulating IL-6 in mediating many benefits of
exercise including cardioprotective signaling have tremendous backing (Pedersen &
Fischer, 2007). However, the conflict of high serum IL-6 at ZT12 with greater
cardioprotective signaling at ZT0 raises more questions than they answer. These
findings support the need to further explore the role of time-of-day and exercise-induced
cardioprotective signaling by applying them to an IR-injury model.

5.2.2 IL-6R Expression

Previous studies have shown that exercise increases myocardial IL-6R mRNA and
protein acutely post-exercise, which was ameliorated in IL-6-/- mice (McGinnis et al.,
2015). These data suggest that IL-6 may in part induce the expression of IL-6R. In the
current study, no statistically significant changes were observed in IL-6R mRNA
expression as a function of exercise or time-of-day. Given that expression of IL-6 was
generally low in these samples, it is possible that an IL-6 mediated induction of IL-6R
expression was not strong enough in the context of our exercise dose. Previous findings
suggest that IL-6R upregulation in the heart is an important feature of the
cardioprotected phenotype (Szabo-Fresnais, Lefebvre, Germain, Fischmeister, &
Pomérance, 2010; McGinnis et al., 2015). However, activation of the IL-6 signaling
pathway can be further profiled by evaluating downstream activation of p-STAT3, and
can be mediated by both membrane bound and soluble forms of the IL-6R.
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5.2.3 STAT3 Signaling

IL-6 binding to its receptor and the gp130 signaling complex on the surface of cardiac
myocytes activates the JAK/STAT3 pathway that is associated with cardioprotection
and hypertrophy (Dawn et al., 2004; Scheller, Chalaris, Schmidt-Arras, & Rose-John,
2011; Rose-John, 2012). Based on the circadian/temporal regulation of IL-6 seen in the
literature, we hypothesized that exercise would activate IL-6 induced signaling via pSTAT3 in a time-of-day dependent manner. As such, this is the first study to find a
significant time-of-day dependent response on exercise-induced p-STAT3 (Tyr705)
such that exercise at the beginning of the rest phase (ZT0) significantly increased pSTAT3 compared to exercise at the beginning of the active phase (ZT12). However, this
is not the first study to identify a circadian pattern in STAT3. Brooks, et al. found a
rhythmic pattern in p-STAT3 in the small intestine epithelium (peak at ZT12), which was
involved in the interaction with the microbiota (Brooks et al., 2021). Interestingly, our
samples appeared to display an alternative temporal pattern where p-STAT3 in the
heart was lower at the basal level (in both the sedentary mice of the acute exercise
study, and the vehicle-treated mice in the exogenous IL-6 study). Perhaps, more
importantly, STAT3 displays a robust circadian rhythm in expression in the SCN of rats,
which appeared to gate the responsiveness to an inflammatory stimulus (LPS)
(Moravcova et al., 2018). Furthermore, Bozek, and others. found that STAT3 was
among the clock-controlled genes in a meta-analysis of circadian microarray studies
(Bozek, Reló Gio, Kielbasa, Heine, & Dame, 2009). These studies support the notion
that STAT3 can be directly regulated by the circadian rhythm at the transcriptional (gene
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expression) and post-translational (phosphorylation) levels. However, no previous
studies have investigated this signaling pathway in a circadian manner in the heart.

We also assessed two different sites of activation for p-STAT3. Phosphorylation at TYR
705 is associated with nuclear translocation, while the SER 727 phosphorylation site is
associated with the initiation of transcription. We did not find a significant effect of
exercise on p-STAT3 (SER 727), suggesting that either transcriptional initiation occurs
at a later time-point compared to nuclear translocation, or that it is a less sensitive
indicator of acute STAT3 signaling. In any case, IL-6 is not the only cytokine associated
with STAT3 signaling, which could explain some of the disconnect between the timing of
IL-6 in the blood (tended to be higher at ZT12) and the induction of STAT3 signaling
(higher at ZT0). As such, future investigations should more thoroughly address other IL6 family cytokines (including LIF, IL-11, CNTF, OSM, and others), as well as the
counter-regulatory pathways (i.e. - Suppressor of Cytokine Signaling or SOCS genes).

5.3 Myocardial Sensitivity to Exogenous IL-6

Our study sought to investigate time-of-day dependent regulation of heart sensitivity to a
physiologic dose of IL-6, which has potentially therapeutic implications for protecting
hearts, as well as other tissues, from IR-injury. For example, rats injected with 500
µg/kg of IL-6 before transplantation of their small intestine significantly protected the
organs from IR-injury in the recipient rats (Kimizuka et al., 2004). Our hypothesis was
that intraperitoneal injection of exogenous IL-6 would stimulate cardioprotective
signaling in the heart to a greater extent during the light phase compared to the dark
phase. Based on our results, the intraperitoneal dose of IL-6 given to our mice was
71

likely too low to stimulate a significant effect in the heart. Previous studies have used IL6 stimulation to elicit signaling and physiological responses. Jansson, et al. injected IL6-/- mice (which were prone to obesity phenotype) with 40-160 ng/mouse/day, and were
able to increase metabolic rate and reduce adiposity (Jansson et al., 2002), an effect
similar to exercise. In contrast, Gavito, et al. treated obese mice with IL-6 (1.6-3.2 ng/g)
and found that, while IL-6 robustly activated p-STAT3 (in liver), it exacerbated fatty liver
(Gavito et al., 2016; Vida et al., 2015). In a conventional 20 g mouse, that would be a
dose of 32-64 ng/day). In the current study, IL-6 was administered at a dose of 0.20
ng/g, representing about 4 ng for a 20 g mouse. As such, our dose was far below that of
the published literature. Furthermore, our dose was given a single time, while other
studies have used longitudinal treatment. We selected a low dose for two primary
reasons. Firstly, we wanted to preserve the ability to detect small time-of-day dependent
changes, which may be ‘overshadowed’ in the case large doses are used. Secondly,
exercise typically exerts IL-6 associated benefits in the context of smaller and more
transient increases in IL-6, as opposed to extremely high levels or prolonged elevations
in IL-6 typically associated with pathology. In the future, a dose response would help
identify the optimum dose for cardioprotective associated signaling.

The independent effects of both exercise and time-of-day on IL-6 activity have been
under investigation for some time now. To date, most of the literature is focused on the
interaction these two variables have on skeletal muscle activity and whole-body
metabolism. However, the literature on the effects of time-of-day on exercise-induced
IL-6 responses in the heart are still lacking. Given the importance of exercise-induced
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IL-6 in cardioprotection, future studies that incorporate (time-of-day) exercise can have
tremendous impact on our understanding of myocardial physiology.

5.4 mTOR and Autophagy Signaling

We measured the phosphorylation status of the anabolic/hypertrophic mTOR signaling
pathway (p-mTOR, p-4EBP1, p-S6), as well as the catabolic ‘cellular recycling’ process
autophagy (LC3II/I and p62) via western blot in heart tissue (Wang, Wang, Cretoiu, Li, &
Xiao, 2020). Crosstalk between these pathways would support that in periods of nutrient
excess, activation of the mTOR pathways inhibits autophagy. Conversely, during
nutrient stress (fasting, exercise, etc), mTOR signaling is strongly reduced, and
autophagy is upregulated. Myocardial autophagy functions to provide energy and
cellular constituents by initiating the degradation and recycling of misfolded or
dysfunctional cellular components or damaged organelles (Saito, 2015). Previous data
have shown that autophagy protects against IR-injury (Hamacher-Brady, Brady, &
Gottlieb, 2006) and that LC3II/I and p62 are associated with exercise-induced
preconditioning (Quindry et al, 2012). Furthermore, exercise is capable of reversing
some of the pathophysiological consequences of heart failure post MI (Campos et al.,
2017), as well as proteinopathy (Cao et al., 2012). These studies support that exerciseinduced autophagy signaling is important in several time-points of protecting the heart.
Our results showed that exercise-induced autophagy in the heart to a greater extent at
ZT12 compared to ZT0, suggesting exercise at the beginning of the active phase may
be more beneficial.
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There is a well-established relationship between the circadian rhythm and autophagy in
many tissues including the heart. Early studies by Pfeifer et al. showed that autophagy
is increased during the resting phase of nocturnal rodents (Pfeifer & Strauss 1981).
Researchers recently reported that circadian clock gene disruption leads to impaired
activation of autophagy (Rabinovich-Nikitin et al., 2021). This supports our findings that
autophagy proteins are regulated at least in part by the circadian clock. This evidence
supports further exploration of time-of-day dependent exercise for future interventions
that target myocardial autophagy induction.

In the quadriceps muscle, we measured autophagy via LC3II/I protein expression and
found that exercise stimulated autophagy in the hind limb skeletal muscle but was not
dependent on time-of-day. Exercise-induced autophagy in skeletal muscle autophagy is
a normal response. In fact, autophagy is required to induce skeletal muscle adaptation
to exercise training (Lira et al., 2013). Other studies have illustrated circadian regulation
of autophagy in various mouse tissues (Ma, Panda, & Lin, 2011; Woldt et al., 2013;
Juste et al., 2021; Rabinovich-Nikitin et al., 2021). We did not find a significant effect of
time on quadriceps autophagy although a trend was observed. This evidence supports
further exploration of time-of-day dependent exercise for future interventions that target
myocardial autophagy induction by dose or various times of the day.

5.5 Gene expression: KEGG pathways

We compared the expression of myocardial genes at two times of day to determine
whether exercise has time-of-day specific control on gene pathways in the cardiac
muscle. We found a similar number of DEG’s at ZT0 (264) and ZT12 (216). Surprisingly,
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the majority of DEG’s at each time point were unique to that specific ZT (i.e. they were
only differentially regulated by exercise at a single time of day). Only 65 DEG’s were
commonly regulated by exercise at both ZT0 and ZT12, of which 45 were upregulated,
while 20 genes were downregulated. Numerically, this finding is similar to several
recently published studies focusing on skeletal muscle. Ezagouri et al., (2019) found
that 154 genes were influenced by time of day (early vs late) and exercise (sed vs
exercise) (Ezagouri et al., 2019). In another analysis, they reported 503 DEGs in
response to exercise in the early active phase, and 285 DEG’s in the late active phase,
with 160 of the genes being common to exercise at both times of day. In effect, they
found 343 unique DEG’s at ZT14 and 125 unique DEG’s at ZT22. While our exercise
time-points were slightly different (ZT0 vs ZT12), we found 415 DEG’s that were
responsive to exercise (199 at ZT0, 151 at ZT12, and 65 commonly expressed). In
another recent paper, Sato, et al. (2019) performed RNA sequencing on skeletal muscle
in response to exercise at ZT3 and ZT15 and found a substantially larger transcriptomic
response, especially at ZT15 (Sato et al., 2019). During the early rest phase, they found
almost 700 DEG’s, while exercise in the early active period produced over 2,700 DEG’s.
While tissue type is very likely to contribute to these differences, exercise intensity is
also involved. Sato et al. and Ezagouri et al. used slightly higher exercise intensity (16
m/min, and 22 m/min, respectively) which would increase the likelihood to initiate
transcription of DEG’s (Ezagouri et al., 2019; Sato et al., 2019).

We performed KEGG pathway analysis to determine enrichment of specific gene
groups influenced by exercise. For this analysis, we imported all exercise-induced
DEG’s at each time of day (‘ZT0-SED vs ZT0-POST’ or ‘ZT12-SED vs ZT12-POST’),
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including up/downregulated genes, as well as temporally unique and commonly
regulated genes. These analyses revealed overwhelmingly similar pathway enrichment
between exercise at both times of day, with several being preferentially or uniquely
enriched depending on the time of day of exercise. For example, 9 pathways were
accentuated by exercise at ZT0 while 6 pathways were accentuated by exercise at
ZT12.

Comparing the KEGG pathways enriched by GSEA between our current experiment
and published papers in skeletal muscle (Ezagouri et al., 2019; Sato et al., 2019; Maier
et al., 2022) reveal some similarities, yet also distinct tissue dependent responses
(though these could also be influenced by exercise intensity as well). Commonly
regulated pathways include ‘Protein processing in endoplasmic reticulum’ (present in all
3 skeletal muscle papers, and our data), and ‘Antigen Processing and Presentation’
(present in Ezagouri et al., 2019 and Maier et al., 2022, as well as our data).
Interestingly, Protein processing in ER was preferentially enriched by exercise at ZT12
in our study, indicating temporal specificity. Other similarities arise when comparing our
findings, including the regulation of the PI3K-Akt signaling pathway (preferentially
enriched at ZT12, NS), as well as ‘immune relevant’ perturbation (Antigen Processing
and Presentation, Endocytosis, Chemokine Signaling Pathway, and Cytokine-Cytokine
Receptor Interaction), where the same or similar pathways were regulation in skeletal
muscle (Ezagouri et al., 2019, Maier et al., 2022), as well as the heart. While not
specifically supported by our transcriptional analysis, the TNF-a pathway was strongly
enriched by exercise in skeletal muscle (Ezagouri et al., 2019). This finding lends some
support to our identification that STAT3 signaling was preferentially increased around
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the same time. The tissues and protocols they used do differ, but the results warrant
further exploration for greater understanding of the genes involved in the enrichment
and those that may optimize cardioprotection. Taken together, the time of day distinctly
affects the transcriptional responses in the heart to an acute bout of exercise.

5.6 Limitations of the Study

While one of the many benefits of animal model research is the ability for tightly
controlled conditions (reducing confounding variables), one limitation is that these
findings are not directly applicable to the human population. Particularly in the case of
circadian rhythmicity. Our animals were kept in a facility with light exposure at the same
time each day. Humans wake up and go to sleep at different times of day. Human
circadian cycles are more difficult to delineate from behavioral cycles and behavioral
cycles more influence their circadian cycles (Scheer, Frank A J L, Hilton, Mantzoros, &
Shea, 2009). Furthermore, when considering time-of-day of exercise in human studies,
the researchers need to consider the chronotypes, which are preferences to waking and
activity early in the day (morningness) or late in the day (eveningness) and are
colloquially known as early birds or night owls (Facer-Childs & Brandstaetter, 2015).
Chronotype is often determined with validated surveys. It is possible that the animals
used in these experiments could express different chronotypes and therefore measuring
the clock-controlled genes to look for outliers and evaluate any disruptions in circadian
rhythms was a necessary first step in the current study. Another limitation of the present
study is the inability to demonstrate direct circadian mechanisms without utilizing a
knockout model for one of the clock components. These models would increase the
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confidence that our findings were due specifically to the circadian clock, and not due to
the behavioral differences seen at different times of day. We can only demonstrate a
relationship between the circadian mechanism and the measured gene or protein and
not a direct causal relationship.

We recognize that forced exercise is a stressor for animals. According to a lab mice
behavior study, the strain of mice used for this study (C57BL/6J) outperformed all other
strains of mice when tested in voluntary wheel running but were most resistant to forced
treadmill running even at slower speeds (Lerman & Luna, 2002). Additionally, recent
studies have shown that the response of forced exercise increases adrenal hormones
that may be time of day dependent (Sasaki et al., 2016; Maier et al., 2022). IL-6 is an
inflammatory cytokine that can be released in response to acute stress as well as
exercise and it can be difficult to delineate the acquired effects (Scheller, Chalaris,
Schmidt-Arras, & Rose-John, 2011). The acute bout used in this study and the
immediate collection of tissue samples would likely not be affected by shifts in circadian
rhythms, but this is a consideration for future studies into chronic exercise adaptation
and time-of-day.

5.7 Future Direction

The current observations necessitate further investigation to define the relationship
between exercise-induced cardiac adaptations and circadian biology. A comprehensive
understanding of this relationship will be instrumental for devising exercise prescriptions
that optimize cardiovascular benefits in the future. The DEGs highlight KEGG pathways
that are affected by both exercise and time-of-day. The next set of experiments can
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explore the expression of these genes within this same set of mice and the various
tissues. More experiments should be done to explore the importance of the uniquely
regulated genes and pathways identified in the current data set.

There has been some recent interest in the areas of exercise time-of-day, and the birth
and development of the field of “chrono-exercise.” However, this is the first study we
know of to focus on the effects of time-of-day and acute exercise on cardiac
transcriptional and signaling responses. The important next step in this research is to
investigate the effects of the cardioprotective benefits of an acute bout of exercise and
the influence of circadian rhythms in a myocardial ischemia-reperfusion model. Also, the
chronic effects of exercise training on cardiovascular benefits at different times of day
need to be elucidated. The grant within this dissertation expands on this area by
proposing a study to explore the effects of cardiac rehabilitation at different times-of-day
on cardiac recovery. These animal studies will help identify mechanisms and lay the
foundation for recognizing circadian rhythms as a moderator of exercise-induced
cardiac benefits. Future studies can explore similar effects in humans by chronotype
and varied exercise modality. Altogether, these findings will encourage the development
of time-of-day specific exercise interventions in the years to come.

5.8 Conclusion

It is well known that exercise imparts beneficial effects on the heart. The molecular
mechanisms through which exercise exerts its beneficial effects on health and the
prevention of disease are of immense interest to researchers and physicians who
believe, based on overwhelming evidence, that exercise can be used for therapeutic
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treatment and prevention of disease. Furthermore, a current appreciation of circadian
rhythms in physiology supports the notion that the time of day (or circadian time) that
exercise occurs may greatly impact the magnitude or effect of that stimulus, thereby
affecting metabolism and adaptation. In the current study, we tested the hypothesis that
the time of day at which exercise is performed would differentially regulate myocardial
response to a single exercise bout at the transcriptional, and post-translational
(signaling) levels. We found phosphorylation of STAT3 had greater induction by
exercise at ZT0 whereas signaling of autophagy was greater at ZT12. Both of these
pathways are associated with exercise-induced cardioprotection, suggesting that
exercise is activating cardioprotection at both time points via different pathways. Further
illumination of the enriched pathways discovered plus the measurement of other STAT3
activators will lend some clarity to the mechanisms involved. Results from this study
highlight novel interactions between exercise and time-of-day, suggesting temporal
coordination of exercise prescription with favorable cardiac transcriptional and posttranslational events can be used to promote beneficial cardiovascular phenotypes.
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____________________________________________________________________________

Figure 18. Graphical abstract

Transcriptomics, protein and phosphoprotein analysis reveal time-of-day dependent
differential activation of myocardial signaling responses to acute exercise. A single bout
of exercise at the beginning of the mouse active phase (ZT12) had greater activation of
myocardial autophagy signaling than exercise performed at the beginning of the rest
phase (ZT0). Additionally, a single bout of exercise performed at ZT0 had greater
activation of p-STAT3 signaling than exercise performed at ZT12.
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Test

Tissue

Target

Stat

p- value

Effect size

Result

Conclusion

PCR

HEART

BMAL1

ME: TOD

p< 0.001

0.825

~17 fold higher experssion at ZT0

PCR

HEART

PER2

ME: TOD

p< 0.001

0.785

~9 higher experssion at ZT12

Circadian rhythms were not dirupted by
handling, habituation and the acute bout of
exercise.

PCR

HEART

CLOCK

ME: TOD

p= 0.07

0.121

tended to be higher at ZT0

PCR

HEART

IL-6

ME: TOD

p= 0.022

0.142

Expression higher at ZT0

PCR

HEART

IL-6R

no significant ME

N/A

N/A

not affect by protocol

ELISA

SERUM

IL-6

ME: TOD

p< 0.001

0.383

Experssion higher at ZT12

WB

HEART

p-STAT3 (TYR 705)

Interaction of Exercise & TOD

p= 0.004

0.268

Exercise-induced singaling at ZT0

WB

HEART

p-STAT3 (SER 727)

ME: TOD

p= 0.002

0.238

Signaling higher at ZT0

WB

HEART

p-STAT3 (TYR 705)

Interaction of Injection & TOD

p= 0.024

0.106

Decreased by Vehicle at ZT12

WB

HEART

p-MTOR

ME: TOD & Exercise

p= 0.007 & p< 0.001

0.185 & 0.305

Decreased post exercise at ZT12

WB

HEART

p-4EBP1

ME: TOD & Exercise

p< 0.001 & p< 0.001

0.285 & 0.364

Decreased post exercise at ZT12

WB

HEART

p-S6

ME: Exercise

p< 0.001

0.608

Decreased post exercise

WB

HEART

LC3 II/I

Interaction of Exercise & TOD

p= 0.005

0.252

Increased by exercise at ZT12

WB

HEART

p62

ME: Exercise

p= 0.046

0.158

Increased by exercise at ZT0

WB

QUAD

LC3 II/I

ME: Exercise

p = 0.003

0.281

Increased by exercise

SM autophagy is activated by Exercise but is
not dependent on TOD

Test

Tissue

Downregulated

Upregulated

Enrichment

Conclusion

RNAseq

HEART

DEG's: SED to POST

Total= 415, Common= 65, ZT0= 199, ZT12= 151

ZT0= 58, ZT12= 88

ZT0= 141, Down= 63

Table 2. Results table: Summary for all of the measured results.
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Varies, See Figure 17

Cardioprotective signaling measured by pSTAT3 was activated by exercise at ZT0 but
not related to IL-6. Other IL-6 family cytokines
as well as counter-regulatory pathways need
invesitagation.

Hypertrophic/anabolic singaling is induced in
the heart by exercise to a greater extent at
ZT12 than ZT0.

Autophagy signaling is induced in the heart by
exercise to a greater extent at ZT12 than ZT0

Time of day distinctly affects the
transcriptional responses in the heart to an
acute bout of exercise

Appendix A: RNAsequencing Table

Table 2. RNAsequencing table: quantified transcriptome profiling and processing.
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Appendix B: Grant
INFLUENCE OF TIME-OF-DAY ON CARDIAC FUNCTION AND REMODELING AFTER
MYOCARDIAL INFARCTION IN A MOUSE MODEL OF EXERCISE BASED CARDIAC REHAB
Project Summary:
Myocardial infarction (MI) also referred to as a heart attack, is one of the leading causes of
death and physical disability worldwide. Acute MI often results in cardiac dysfunction, adverse
cardiac remodeling, and progression into heart failure. However, the use of exercise-based
cardiac rehabilitation (CR) has emerged as an alternative non-pharmaceutical strategy to
reduce subsequent morbidity and mortality following acute MI. Due to the potential therapeutic
implications, the mechanism(s) by which exercise elicits its numerous beneficial effects has
been an area of research focus for many years. There has been a recent emphasis on chemical
messages that are released by exercising skeletal muscle called myokines. One prominent
myokine of interest is called interleukin-6 (IL-6). Contracting skeletal muscles release IL-6 into
systemic circulation in response to exercise. Because IL-6 is well known as an inflammatory
cytokine, it was originally thought exercise-induced IL-6 was related to muscle damage.
However, it has become evident over many experiments that exercise-induced IL-6 has
beneficial effects on systemic activity (Pedersen, 2012). In fact, exercise-induced IL-6 has
previously been shown to induce signaling in the heart that subsequently protects from damage
by a surgically induced heart attack (McGinnis et al., 2015). While exercise is known to be a
valuable practice for the prevention and treatment of cardiovascular disease (CVD), other
factors may interfere with the effectiveness of exercise benefits. One factor of interest is
circadian rhythms, otherwise known as the biological clock; these rhythms regulate all living
creatures’ physiological functions to fluctuate on a ~24-hour cycle. Epidemiological studies
document time-of-day variations in adverse cardiovascular events including MI. Furthermore,
controlled laboratory studies have demonstrated circadian system influence on key markers of
cardiac function and MI risk (Chellapa et al. 2019). Also, circadian variation of IL-6 production
has also been identified in vivo and in vitro models (Agorastos et al., 2014)(Nilsonne et
al.,2016)(Perrin et al., 2015).
What effect the timing of exercise has on exercise-induced cardiac benefits is not yet known.
Additionally, the exercise-induced IL-6 cardiac benefits have yet to be explored in the context of
post-MI injury cardiac rehabilitation. Knowledge about the mechanisms that influence post-MI
exercise-based cardiac benefits will help to develop/improve intervention strategies to mitigate
the impact of CVD for millions of people who suffer the debilitating effect of MI each year.
In the proposed study, we plan to compare time-of-day differences in cardiac adaptations to
exercise-based CR following MI. We will also explore the relationship between IL-6 signaling
and time-of-day post-MI injury. We hypothesize that the timing of exercise interventions will
influence IL-6 signaling, response, and beneficial cardiac adaptations. The results of this
experiment will lay the foundation for recognizing circadian rhythms as a critical factor for
cardiologists, physical therapists, and exercise physiologists when making exercise
prescriptions for CVD patients.

84

Project Relevance: Heart failure (HF) is one of the leading causes of death and disability
around the world and has considerable economic burden. There is a lot of evidence that
exercise reduces hospital visits, the risk of heart failure, worsening symptoms, and development
into heart failure, for heart attack patients. The time-of-day when we exercise may impact
effectiveness, thus, justifying the need for the present study to investigate whether cardiac
rehab would be more effective in the morning or afternoon.
Specific Aims:
Significant resources have been dedicated to elucidating the molecular mechanisms through
which exercise exerts its pluripotent beneficial effects on health and disease reduction. One
such mechanism is the exercise-mediated production of muscle-derived hormones, or
“myokines,” which are known to be important to cardiovascular health. Interleukin-6 (IL-6) is well
known for having both pro and anti-inflammatory properties. In the context of exercise, IL-6 is
perhaps the most notable myokine with cardiac protective potential. It has been implicated as an
essential trigger of cardiac ischemic preconditioning (McGinnis et al., 2015).
Previous work from our lab has shown that acute exercise-induced IL-6 is essential in protecting
the heart against ischemia-reperfusion (I/R) injury in mice. Chronic IL-6 has also been shown to
be important to cardiac rehabilitation when mice treated with an IL-6R receptor blockade for four
weeks after MI was associated with deterioration of cardiac function and negative cardiac
remodeling (Hartman et al., 2016). Numerous factors influence the production of myokines
(bioenergetics status, contraction, etc.), recent findings support that production of myokines,
including IL-6, is regulated by the cellular time-keeping mechanism known as the circadian clock
(McGinnis et al., 2015). Circadian rhythms (i.e., the ~24-hour cycles of the physiological
process) exist at the molecular level in essentially all cells. The experiment proposed seeks to
extend our existing knowledge of how exercise-induced IL-6 affects cardiac recovery following
I/R injury by incorporating a critical physiological moderator time.
How circadian rhythms affect the exercise-mediated IL-6 response and the associated signaling
pathways is currently unknown. These projects represent a novel progression in harnessing the
therapeutic potential of exercise for the development of cardiac rehabilitation interventions
following MI. Specifically, findings from this study may help in determining how, and when, the
rehab would be most effective at improving cardiac function. We plan to test our overarching
hypothesis that the timing of exercise affects exercise-induced cardiac benefits and that these
benefits are associated with exercise-induced IL-6 activation with the following specific aims:
Specific aim 1: To investigate the influence of time-of-day on exercise-based cardiac
rehabilitation.
We will employ a habituated mouse model to test the hypothesis that time-of-day differentially
affects exercise-based CR. After surgically induced MI mice will be randomly assigned to
voluntary exercise for 8 weeks during their light phase, dark phase (7:00 am, or 7:00 pm), or
sedentary control. Echocardiograms and cardiac tissue analysis will be used to measure the
effects of exercise-based CR. We anticipate MI having a negative impact on cardiac function
compared to sham. We also expect that voluntary exercise will attenuate cardiac dysfunction
and attenuate remodeling following MI. Lastly, we predict light phase and dark phase exercise
to affect cardiac function and remodeling to varying degrees.
Specific aim 2: Analyze time-of-day differences in exercise-induced IL-6 production and
signaling in the heart.
Using the same intervention from aim 1, we will address the secondary aim of this study by
collecting heart, skeletal muscle, and plasma to perform Western Blot and PCR analyses for
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markers of IL-6 production and signaling. We expect to observe significant differences in cardiac
IL-6 activation, such as pSTAT3/STAT3 in exercised mice compared with sedentary mice. We
also anticipate a greater increase of exercise-induced IL-6 activation in light phase exercise
mice compared to dark phase exercise mice. Lastly, we predict we will find a significant
association between exercise-induced IL-6 signaling and changes in cardiac function and
cardiac remodeling post-MI.
Research Strategy
Significance:
This study is important because cardiovascular disease (CVD) is the leading cause of death in
the United States and in industrialized countries worldwide. Millions of dollars are directed to
research focused on finding techniques for early detection, prevention, and therapeutic
treatment of CVD. Despite tremendous efforts, CVD remains the leading cause of mortality and
morbidity in industrialized countries worldwide. Identifying practical measures to prevent or
reduce the incidence of death and disability due to CVD is imperative to saving millions of lives.
CVD often progresses into life-threatening events such as a stroke and/or myocardial infarction
(MI, also known as a heart attack). MIs are one of the most common causes of premature death
around the world. More than 805,000 adults suffer from a heart attack each year in the United
States alone (CDC, 2021). Although not all MI events are fatal, survivors of MI experience
impairment to their myocardium that results when cardiomyocytes die from ischemic reperfusion
(I/R) injury (Benjamin, 2019). Death to part of the heart leads to dysfunction and remodeling of
the myocardium, the primary indicators of heart failure (HF) (Zhao et al., 2018). Furthermore,
chances of a recurrent heart attack are elevated, and the death rate is 6 times higher with a
recurrent heart attack (WHO, 2021). The prevalence of HF is also increasing in the United
States including diagnoses in people under 50 years of age. Fortunately, it is likely that healthy
lifestyle therapies combined with traditional treatment is effective at preventing HF or worsening
of cardiac dysfunction.
There is considerable scientific evidence that exercise-based cardiac rehabilitation (CR)
intervention will reduce the risk of further vascular events in people with MI. Experiments with
mice found that 8 weeks of exercise-based CR significantly augmented left ventricular function,
increased survival rate, and suppressed myocardial fibrosis and apoptosis following MI (Zhao et
al., 2018). Post-MI exercise-based CR is recommended by the American Heart Association for
reducing all-cause mortality, re-hospitalization, and negative impacts on health-related quality of
life (Anderson et al, 2016). They cite important benefits of exercise-based CR for a reduction in
progression into heart failure. If exercise interventions are appropriately implemented, nearly
one-third of MIs can be prevented. Exercising regularly has been shown to considerably reduce
the risk of developing CVD and mortality from I/R injury. Significant resources have been
dedicated to elucidating the molecular mechanisms through which exercise exerts these
pluripotent beneficial effects on health and prevention of disease. One mechanism of interest is
the exercise-mediated production of muscle-derived hormones, or “myokines,” which are known
to be important to cardiovascular health. In the acute phase of exercise, a myokine called
Interleukin 6 (IL-6) is released from working skeletal muscle in response to contracting
(Ostrowski et al., 1998, Steensberg et al., 2001). IL-6 can activate intracellular signaling
pathways associated with adaptive hypertrophy and the protection of cardiomyocytes (Hartman
et al., 2016, Scheller et al., 2011). Research supports that modulation of IL-6 signaling may
have preventive therapeutic potential against cardiovascular diseases. It has been shown to
play a critical role in the attenuation of pressure overload-induced left ventricular hypertrophy
pathogenesis (Kimizuka et al., 2004, Zhao et al., 2016). An in vivo mouse study found IL-6 was
required for the activation of cardiac protective pathway initiation and the ensuing reduction of
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cardiac injury from a surgically induced heart attack (Dawn et al., 2004). IL-6 also plays an
important role in post-MI recovery. Demonstrated when mice treated with IL-6 receptor blockade
for four weeks after MI, exhibited negative cardiac remodeling (Hartman et al., 2016).
IL-6 has many activities, and it is important to consider that IL-6 has both pro and antiinflammatory properties. High plasma levels of IL-6 secreted from leukocytes after MI are
associated with cardiac dysfunction and remodeling (Kobara et al., 2010). In contrast, IL-6 is
required for the activation of cardiac protective pathway initiation and reduction of cardiac injury
from a surgically induced heart attack in mice (Dawn et al., 2004). There are several sources of
IL-6 but contracting muscles contribute to a substantial increase in IL-6 present in the
bloodstream immediately after exercise. Exercise-induced IL-6 is linked to cardiac protective
signaling. In fact, exercise-induced IL-6 signaling recently shown to elicit remarkable
endogenous (originating within the cardiomyocyte) and exogenous (originating outside the
cardiomyocyte) pre-protection against IR-injury from surgical induced heart attacks in mice
(McGinnis et al., 2015).
While exercise is known to be a potent activator of IL-6 release from skeletal muscle (Lauritzen
et al., 2013), other factors may also play a role in their regulation and effectiveness. One such
mechanism is the circadian rhythm, which describes the recurrent ~24-hour rhythm in
physiological processes. These rhythms in physiology are driven by an intrinsic cell-autonomous
mechanism known as the molecular circadian clock. The clock is composed of a transcriptiontranslation feedback loop. Positive and negative elements of these loops function to coordinate
transcriptional events at appropriate times to provide 24-h periodicities in gene expression. Two
primary transcription factors, brain, and muscle arnt-like 1 (BMAL1) and circadian locomotor
output cycles kaput (CLOCK) are considered the positive elements of the central oscillatory
loop. BMAL1 and CLOCK form a transcriptional heterodimer, initiating the expression of clockcontrolled genes (CCGs), including those in the negative arm of the transcriptional clock. Three
Periods (Per1, Per2, and Per3), and two Cryptochrome (Cry1 and Cry2) are constituents of the
negative feedback arm, and serve to suppress CLOCK/BMAL1-mediated transcription,
essentially starting the cycle anew (Kondratov et al., 2007).
Previous studies have found that IL-6 production is affected by the cellular time-keeping
mechanism that follows a circadian pattern in other mouse skeletal muscle cells (Perrin et al.,
2015). The relationship between IL-6 regulation and circadian rhythm is further supported by the
observation that disruption of the clock (via genetic manipulation of CLOCK in mice) causes loss
of rhythmic IL-6 mRNA oscillation in skeletal muscle (Monje et al., 2016, Perrin et al., 2015).
These findings point to the circadian rhythm as a mechanism underlying IL-6 production.
However, is not yet recognized if this relationship affects myocardial signaling. Furthermore,
how circadian rhythms regulate IL-6 cardiac signaling in response to exercise remains unknown.
Interestingly, basal IL-6 levels in human blood exhibited diurnal rhythm in recent studies.
Furthermore, IL-6 levels were reported to be higher in human blood during the evening
compared to the morning (Abedelmalek et al., 2013, Kim et al., 2015, Nakazato et al., 2017).
This observational data was recapitulated in isolated human skeletal muscle cells where IL-6
expression synchronized (~ 24 rhythms) in vitro (Perrin et al.,2015). Time-of-day has recently
been shown to be a critical factor for the beneficial impact of exercise on skeletal muscle
metabolism and systemic energy homeostasis (Sato et al., 2019). Moreover, recent
epidemiological studies have discovered time-of-day variations in adverse cardiovascular (CV)
events, and controlled laboratory studies demonstrate the circadian system’s influence on key
markers of cardiac function (Chellapa et al. 2019). These findings establish the regulatory role
of circadian rhythms over exercise-induced benefits.
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Innovation:
This study is innovative because recent evidence indicates that the time-of-day (or circadian
time) that exercise occurs may greatly impact the magnitude and/or effect of the benefits that
are achieved. The ~24-hour cycles that are part of every organism’s internal clock, running in
the background to carry out essential functions have been shown to affect exercise performance
and muscle metabolism, in humans and mice (Sato et al., 2019)(Ezagouri et al., 2019). The
function of the circadian clock is tightly linked to exercise as exercise is a stimulus that affects
shifts in circadian CLOCK gene expression. Also, CLOCK genes affect exercise capacity at
different time-of-days. However, it is not known if circadian regulations impact exercisemediated cardiovascular benefits. Given all this evidence, it is reasonable to hypothesize that
optimization of cardioprotection is at least in-part time-of-day dependent.
Exercise-induced production and signaling by the myokine IL-6 has been found to play an
essential mechanistic role in cardiac protection from I/R injury. IL-6 has also been shown to be
under the regulation of circadian oscillation in many cell types including skeletal muscle and
circulating plasma (Agorastos et al., 2014)(Perrin et al., 2015) even in response to exercise
(Abedelmalek et al., 2013). However, it is not yet known if circadian fluctuations in exerciseinduced IL-6 alters the cardioprotective signaling. The proposed study seeks to explore this
relationship by measuring differences in IL-6 production and signaling in the myocardium at two
times of the day.
With its primary aim, the present study will investigate the effects of time-of-day on cardiac
recovery after 6 weeks of voluntary exercise-based CR. This study is innovative also, in its
approach to demonstrate circadian regulation of exercise-induced cardiac benefits in a
rehabilitation model. The proposed study will control for variation in exercise volume. A murine
model is proposed for its practical ability to explore mechanisms and to increase internal
validity. The design will compare changes in cardiac function and remodeling with 6 weeks of
voluntary exercise between two times of day.
The secondary aim of this study is to determine if IL-6 is associated with time-of-day dependent
cardiac response to exercise-based cardiac rehab. The independent effects of both exercise
and time-of-day on IL-6 activity have been reported but the concept of interaction has yet to be
investigated. Revealing the influences that the circadian rhythm has on exercise-induced IL-6
expression and sensitivity will advance the physiological understanding of when (time-of-day)
exercise can have the most beneficial impact on the heart.
This study represents a novel progression understanding the moderator effects better, which will
improve the therapeutic potential of exercise, and will improve cardiac rehabilitation and
recovery from MI. We will also include further clarification about the role of IL-6 in exerciseinduced cardioprotection. The information gained from these experiments will provide valuable
information for the advancement and implementation of exercise interventions to specific times
of day when the body may be most receptive to activation of cardiac protection.

Approach:
We aim to approach this study by: (1) comparing left ventricular ejection fraction (LVEJ) and
cardiac fibrosis in mice that perform 6 weeks of post-MI voluntary exercise-based cardiac
rehabilitation at two different times of day, light phase (ZT0-ZT1) and dark phase (ZT12 – ZT13)
to sedentary controls and sham surgery. We will also (2) analyze exercise-induced production
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and activation of IL-6 in skeletal muscle, serum, and cardiomyocytes for associations to cardiac
rehabilitation at different times of the day.
Methods: Male C57BL/6J laboratory mice approximately 10 weeks of age at the start of the
study will be used in this experiment. Mice will be habituated to 12h: 12h artificial light-dark (LD)
cycles, with lights on at 7:00 AM, and lights out at 7:00 PM. Zeitgeber time 0 (ZT0) is designated
as lights-on time and ZT12 as lights-off time during the LD cycle. Mice will be housed
individually in plastic cages, at the campus designated animal facility. The temperature in the
facility is maintained at 22± 2 °C, the humidity of 60± 5%, and room light intensity is 100–150 lux
at cage level. The mice will be provided with a standard diet of mouse chow and water ad
libitum throughout the experiment. Mice will randomly be assigned to one of four separate
groups defined as follows; sham-operated controls (SHAM), sedentary-MI (SED), Light-phase
exercise MI (ZT0), and dark-phase exercise MI (ZT12). 8 mice will be assigned to SHAM and 14
mice each for SED, ZT0, and ZT12. Thus, 50 mice will be used to complete the aims
(8+14+14+14 = 50).
Induction of Myocardial I/R Injury: At the onset of the study, mice will receive a surgically
induced MI or a time-matched sham operation. Mice will be anesthetized with 2% isoflurane and
myocardial infarction (MI) will be produced via reversible ligation of the left anterior descending
coronary artery for 30 minutes (Gao et al., 2010). Mice will be connected to limb lead electrodes
integrated into a physiological data acquisition system (Biopac, Santa Barbara, CA) to record
electrocardiogram (ECG) activity. Sham-operated control mice will undergo the same
procedures except that the suture placed under the left coronary artery will not be tied off. After
surgery, mice will recover for 7 days before the start of the voluntary exercise protocol.
Exercise protocol
Each mouse assigned to exercise (ZT0 and ZT12) will have a wheel placed in their cage and
will receive another 7 days to familiarize themselves with the running wheel before the start of 6
weeks of voluntary exercise rehabilitation. The wheel will be locked or unlocked for use by
means of a timer. The light phase mice will have their wheels unlocked for voluntary use from
ZT0 to 2 and dark phase mice will be unlocked from ZT12 to 14, and the wheel will be locked at
other times of the day. The wheel will also be fitted with a magnetic sensor connected with a
digital counter and timer to collect an accurate measurement of the daily running distance
(number of rotations/day) and duration for each mouse for the 6 weeks of the voluntary exercise
protocol. Mouse physical parameters and the survival rates will be assessed before, after, and
throughout the rehabilitation period.
The choice to use voluntary exercise for this study is due to evidence supporting that voluntary
wheel-running activity in mice is not only a source of exercise but also provides self-motivation,
and it is considered to be a rewarding behavior.
Mice are the most active and perform voluntary exercise primarily in the dark phase of their
cycle (ZT12-ZT24). Forced exercise is considered the only way to accurately impose a uniform
exercise stimulus on mice. However, forced treadmill exercise may be a stressful stimulus for
mice who are handled by lab staff, moved from their cages, and have no access to food during
exercise. Additionally, previous studies have confirmed that wheel-running activity plays an
important role in modulating circadian rhythms in rodents, whereas forced treadmill exercise
does not (Sasaki et al., 2016). Also, mice that had voluntary access to wheel running at ZT4-5
and ZT20-21 had little variability in running distance and speed between times of day.
Furthermore, running distance and speed were slightly higher in mice with voluntary access to a
wheel compared to mice that ran on a treadmill (Sasaki et al., 2016). We are also considering
that when compared to other strains of mice and rats, C57BL/6J consistently showed the
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highest level of voluntary wheel-running performance but the lowest performances with forced
treadmill exercise tests (Lerman et al., 2001). Additionally, a recent study found that voluntary
exercise during the rest phase C57BL/6J had a minor impact on CLOCK gene expression while
the mice still maintained a (Maier, 2021). For these reasons, we feel that voluntary wheel
exercise will be the least stressful way to provide an effective exercise stimulus.
Measures:
Echocardiography will be performed on anesthetized mice under isoflurane (induction with 2%
and maintained with 0.5%; Ferry et al., 2015). Echocardiographic measures will be performed
before (baseline), immediately after MI, and 7 weeks (sacrifice) after on the surviving animals.
Non-invasive measurements of left ventricular (LV) dimensions will be done using
echocardiography-Doppler (Vivid 7 Dimension/Vivid7 PRO; GE Medical System Co, Vélizy,
France) to assess for left ventricular ejection fraction (LVEF) from the following formula: (EDVESV)/EDV × 100. The LV thickness / LV radius ratio (h/r) will also be calculated to compare
structural remodeling of the myocardium pre and post interventions. We hypothesize that LVEF
will improve in voluntarily exercised mice that will correlate with the volume of exercise
performed. ECG data will also be blindly analyzed for ventricular arrhythmias using Biopac
software and evaluated using a scoring system (A-scores) designed to categorize the severity of
I/R while accounting for surgical mortality based on the incidence of premature ventricular
contractions (PVCs), episodes, and duration of ventricular fibrillation (VF), and tachycardia (VT)
(Miller et al., 2012). We expect to see increased arrhythmias in MI mice compared to SHAM.
However, we hypothesize that SED mice will have the highest arrhythmia scores and that
exercise will protect against arrhythmias in a time-of-day-dependent manner.
At the conclusion of the study, mice will be euthanized under isoflurane anesthesia after their
last voluntary exercise session. Once a surgical plane of anesthesia is reached, as evidenced
by the absence of paw pinch reflexes and corneal reflexes, blood, heart and skeletal muscles
will be collected. Blood samples will be collected via the vena cava and will rest at room
temperature for 30min to 1 hour, to allow clotting followed by centrifugation at 4,000 RPM for 15
min. The serum will be separated from red blood cells (discarded) and stored at −80°C until all
samples can be analyzed. Hearts will be injected with 4% Evan’s blue dye via left ventricular
cardiac puncture to allow for quantification of the area at risk (AAR). Hearts will then be excised
and sectioned into 2-mm transverse cross-sections and incubated with 1% triphenyltetrazolium
chloride (TTC) for 15 min at 37°C for assessment of myocardial necrosis. Infarct size will be
calculated as a percentage of the AAR. To assess apoptosis and autophagy, the ischemic and
perfused areas of the myocardium will be separated and snap-frozen in liquid nitrogen for
further analysis. Quadriceps and gastrocnemius muscles will be removed, and flash-frozen for
later measurements of skeletal muscle protein and gene expression. The heart regions and
skeletal muscle will be powdered with a mortar and pestle in liquid nitrogen and all samples will
be stored at −80°C until further analysis.
Western blotting (WB) will be performed on heart samples to measure proteins associated with
IL-6 signaling necrosis, apoptosis, and autophagy. The frozen heart sections will be powdered
with a mortar and pestle in liquid nitrogen and homogenized in a lysis buffer made with
phosphatase and protease inhibitors. Whole lysate protein concentrations will be determined by
a BCA protein assay kit (Thermo Fisher, 23225) to normalize concentrations before diluting in a
Laemmli and 2-mercaptoethanol sample buffer and heated to 95°C for 5 min to denature
proteins. Proteins will then be separated through electrophoresis and transferred to PVDF
membranes. The membranes will be blocked for 2 hours in 5% nonfat dry milk and
subsequently incubated with overnight appropriate primary antibodies at 4°C. The protein bands
will be detected using a Bio-Rad imaging system (Hercules, CA, USA) and normalized to α90

Tubulin. We will analyze images using the National Institutes of Health (NIH) ImageJ software.
We hypothesize that protein markers for necrosis and apoptosis will be upregulated in ischemic
regions compared to perfused regions hearts.
Methods: The same animals and samples collected from aim one will be used to complete the
measures from aim 2. IL-6 upregulation has shown to be an acute response to exercise and IRI.
For this reason, mice will be sacrificed shortly after their last scheduled voluntary exercise bout.
Light Phase exercise mice will be sacrificed between ZT2 and 3 while dark phase exercise mice
between ZT14 and 15. Resting IL-6 levels also fluctuate; therefore, the SHAM and SED mice
will randomly be divided for sacrifice during light and dark phases.
Enzyme-linked immunosorbent assays (ELISA)
Blood Serum IL-6 and IL-6R receptors (sIL-6R) will be quantified using commercially available
ELISA kits following the manufacturer’s protocols. Serum samples will be run in duplicate with
the appropriate absorbance and plotted against the provided standard curve. We hypothesize
that serum IL-6 levels and sIL-6R will be significantly increased in response to exercise and in a
time-of-day dependent manner. Results for IL-6 and IL-6R levels in the serum will be compared
to p-STAT3 protein expression in the cardiac muscle to determine if IL-6 signaling is occurring in
a time-of-day dependent manner.
Western Blot Analysis (WB)
WB analysis similar to the steps in AIM one will be used to assess IL-6 signaling in the
myocardium. I/R and perfused regions of hearts will be homogenized, and the supernatant will
be used for the detection of IL-6 signaling. Heart regions will be analyzed for IL-6R signaling,
including protein expression of p-STAT3. We hypothesize that exercise will increase p-STAT3
protein expression. We further hypothesize that ischemic regions will upregulate p-STAT3
expression compared to the perfused regions of the heart.
Whole skeletal muscle will be powdered with a mortar and pestle in liquid nitrogen and
homogenized in a lysis buffer made with phosphatase and protease inhibitors. WB will be
performed on skeletal muscle samples to measure IL-6 protein expression. The remainder of
WB steps are identical to heart samples. Mixed gastrocnemius will be assayed as an index of
skeletal muscle IL-6 signaling. We expect to see that resting levels of IL-6 expression in skeletal
muscle are varied by time-of-day. We also expect that exercise will elicit an increase in
gastrocnemius IL-6 expression. We will compare IL-6 skeletal muscle expression to changes in
serum IL-6 and signaling in myocardial tissue.
Quantitative Polymerase Chain Reaction (qPCR)
Approximately 20 mg of crushed heart and gastrocnemius, will be for RNA isolation using 500
Ribozol RNA Extraction Reagent. Relative mRNA expression of IL-6 and IL-6R will be assessed
via qPCR per manufacturer instruction.
Circadian clock components will be measured in the tissues of mice in response to voluntary
exercise performed 2 times of the day. To validate clock expression, qPCR analysis will be used
to measure protein expression of clock-associated genes BMAL1 and Per2. We expect to see
robust antiphase oscillations in the selected clock genes. We expect that levels of BMAL1
expression in mice sacrificed during their light phase will be high and for mice sacrificed during
the dark phase to have low expression of BMAL1. Levels of Per2 expression should be opposite
of BMAL1 (low during light phase and high during night phase). This will be an indicator that
voluntary exercise did not interfere with the animals’ circadian rhythms. These measures are
also necessary to demonstrate the correlation of myocardial IL-6 as a circadian-regulated gene.
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Statistical analyses: Pairwise comparisons of groups (SED x SHAMxZT0 x ZT12) will be
performed using SPSS 28 (SPSS Inc., Chicago, IL, USA). The correlational analysis will be
used to assess relationships of exercise (amount of distance on the wheel) to measures of
cardiac function, remodeling, IL-6 signaling, and CLOCK gene expression.
As with all studies, we anticipate potential problems that may occur. First, we may see that mice
may not exercise voluntarily after MI. C57BL/6J were selected because they have shown a high
propensity to exercise voluntarily even when a locked wheel was restricted to exercise during
the light phase (Ferry et al., 2015) & (Sasaki et al., 2016). Another potential issue is death from
MI injury. We anticipate some loss of animals from premature death in the MI groups. We
selected the method for surgical MI induction because of its reported ability to reduce post-MI
death. In a validation study, the proposed method of MI induction, surgical mortality was
approximately 3% which was a marked improvement compared to more invasive methods that
reported 15% mortality. Furthermore, 28-day post-MI survival rates were around 48% with the
more invasive MI surgery whereas our proposed method improved one-month survivability to
68%. Importantly, there was no difference in infarct size or post-MI cardiac function between the
more invasive MI surgery compared to the proposed method (Gao et al., 2010). This method of
MI in mice represents a more efficient and less damaging model of MI injury that we expect to
preserve the survival of our animals while also producing measurable myocardial injury. More
animals will also be assigned to MI groups due to expected loss. Additionally, animals will be
monitored daily so that survival curves can be charted for comparison between groups and
normalized to the SHAM mice. We will be able to assess the effects of voluntary exercise and
time-of-day on post-MI survival. We hypothesize that the mouse post-MI survival rate will be
improved in exercise groups compared to the MI-sedentary group that will correlate with
increased volume of exercise performed.
An alternative strategy could be to implement the use of IL-6 knockout mice in each of the
groups for determining the mechanistic role of IL-6 signaling. Due to the additional cost and
consideration of the current exploratory purpose, we feel the use of IL-6 knockout mice is
unnecessary (premature) for the present hypothesis.
Ethical approval: before the beginning of the study, all methods will be approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Nevada Las Vegas
and conformed to the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health [DHHS Publication No. (NIH) 86–23].
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Appendix C: Itemized Budget
Primary Direct Costs
Senior Personnel
Charli Aguilar PI requests pay for 25% time commitment for one academic month of
base pay ($18,270 / 9)0.25 = $1,015.00
Guangming Cheng request pay for animal surgeon for full time commitment for one
month of base pay ($92,700 / 12)1.0 = $7,725.00
Buddhadeb Dawn co-investigator requested pay for consultant for 25% time
commitment for one month ($199,300 / 12)0.25 = $8,304.00
Lung-Chang Chien biostatistician for 25% time commitment for one academic month of
base pay ($85,539 / 9)0.25 = $2,376.00
Other Personnel
Magdy Girgis: Research analyst for consultation: total requested $9,758.00
Fringe Benefits
FY22 Proposed Fringe rates for Faculty, staff, and Post-Doctoral workers: 29.4% of total
salary and wages requested for all Personnel for both years $29,177.80 x 0.294 =
$8,578.27
Equipment
Mouse Wireless Running Wheels (Product Number: ENV-047) from Med associates Inc.
28 x 510.71 = $14,300.00 Other equipment and Facility rental User fees: $11,000.00
Other Direct Cost
Animal Costs:
Male C57BL/6 mice (10 weeks old) Jackson Labs ($35.00 per mouse x 52 mice) +
$500.00 shipping = $2,320.00. Cost for animal facility single housing fees ~ $0.85 per
cage per day x 60 days x 52 mice = $2,652.00, Total animal cost ~$4,972.00 amount
requested: $5,000.00
Materials and Supplies
Analyses will require lab supplies including antibodies and reagents. Total requested =
$30,000.00 Publication Costs
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Total estimated cost for peer review and publication: $1,500.00
Total Direct Costs = $29,177.80 + $8,578.27 + $61,800.00 = $99,556.07. Total direct
costs include personnel salary, fringe benefits, animal costs, equipment, materials and
supplies, and other direct costs.
Indirect Costs
Indirect costs are calculated at a rate of 49.5%. Indirect Costs = $99,556.07 x 0.495 =
$49,280.25.
Total Project Costs = $99556.07 + $49,280.25 = $148,836.32
Items
Personnel
Fringe Benefits
Other Direct Costs

Year 1
$ 17,183.75
$ 5,052.02
$ 30,300.00

Year 2
$ 11,994.05
$ 3,526.25
$ 31,500.00

$
$
$

Totals
29,177.80
8,578.27
61,800.00

Total Direct Costs

$ 52,535.77

$ 47,020.29

$

99,556.07

Indirect Costs (0.495)

$ 26,005.21

$ 23,275.05

$

49,280.25

Total Project Costs

$ 78,540.98

$ 70,295.34

$ 148,836.32
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Appendix D: GSEA Figure

Figure: ZT0 vz. ZT12 control transcriptome signatures. KEGG pathway enrichment
analysis for sedentary mice myocardial genes. List contained 2863 DEGs. Pathways for
future explorations and investigation into myocardial circadian rhythms.
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